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ABSTRACT 
Remote m a n i p u l a t o r s ,  o r i g i n a l l y  de s igned  f o r  h a n d l i n g  
r a d i o a c t i v e  m a t e r i a l s ,  have been proposed f o r  use  on unmanned 
space  v e h i c l e s .  A pu re  t ime d e l a y  i n  t h e  t r a n s m i s s i o n  o f  r a -  
d i o  s i g n a l s ,  p r e s e n t  because  o f  d i s t a n c e  o r  o t h e r  r e a s o n s ,  
makes remote man ipu l a t i on  t a s k  comple t ion  more d i f f i c u l t .  A 
s u p e r v i s o r y  c o n t r o l l e d  compute r -manipu la to r  overcomes t h i s  
problem and has  many o t h e r  p o t e n t i a l  u se s .  
Th i s  t h e s i s  d e s c r i b e s  a  s u p e r v i s o r y  c o n t r o l l e d  manipu- 
l a t i o n  sys tem which can accompl i sh  complex man ipu l a t i on  t a s k s .  
The sys tem,  which presumably knows t h e  i n i t i a l  p o s i t i o n s  o f  
a l l  o b j e c t s  i nvo lved  i n  t h e  t a s k  ( t h e  i n i t i a l  s t a t e  o f  t h e  
t a s k ) ,  i s  g iven  an o p e r a t o r ' s  d e s c r i p t i o n  of  t h e  d e s i r e d  f i n a l  
g o a l  s t a t e  o f  t h e  o b j e c t s  i n  t h e  t a s k .  I t  u s e s  t h i s  d e s c r i p -  
t i o n  t o  g e n e r a t e  a  s e t  o f  s u b - t a s k s ,  e ach  o f  which d e s c r i b e s  
moving one o b j e c t  t o  a  f i n a l  p o s i t i o n  d e s i g n a t e d  by t h e  g o a l  
s t a t e  d e s c r i p t i o n .  
The sys tem i s  d i v i d e d  i n t o  two p a r t s .  The upper l e v e l  
i s  an AND TREE which o r d e r s  t h e  s u b - t a s k s  s o  t h e i r  combined 
s o l u t i o n  r e s u l t s  i n  t h e  s o l u t i o n  o f  t h e  complete  t a s k .  The 
lower l e v e l  c o n s i s t s  o f  
1. a  p rocedure  t o  g e n e r a t e  t h e  s t a t e  s p a c e s  which 
d e s c r i b e  a s u b - t a s k ,  and 
2 .  a  s e t  o f  s h o r t e s t  p a t h  a l g o r i t h m s  which f i n d  a 
p a t h  th rough  t h e  s t a t e  s p a c e s  and t h e r e f o r e  f i n d  
t h e  s o l u t i o n  o f  t h e  s u b - t a s k .  
The system was implemented on a d i g i t a l  computer,  
and t h e  man ipu l a to r  jaws and o b j e c t  o f  t h e  t a s k  s i t e  were 
s i m u l a t e d  by a  two d imens iona l  computer model. S i x  exam- 
p l e  t a s k s ,  s o l v e d  by t h e  sys tem a r e  p r e s e n t e d :  two i n  
s t e p  by s t e p  d e t a i l .  I n  a d d i t i o n ,  t h e r e  a r e  i nc luded :  de-  
t a i l e d  d e s c r i p t i o n s  of t a s k  t y p e s  f o r  which t h e  sys tem w i l l  
f i n d  s o l u t i o n s  ( i f  t h e y  e x i s t ! ) ;  t h e  a d d i t i o n a l  a b i l i t i e s  
t h e  sys tem would have t o  p o s s e s s  t o  s o l v e  more complex 
t a s k s ;  t h e  economic advan tages  o f  t h i s  system a s  compared 
t o  o t h e r s  t h a t  have been proposed;  and documenta t ion  of 
t h e  sys tem a s  implemented, 
Thes i s  Supe rv i so r :  Thomas B. Sher idan  . 
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Chapter  I I n t r o d u c t i o n  
Background 
Manipu la to r s  a l l ow  man t o  ex t end  t h e  r ange  o f  t h e  
environment he  can a f f e c t  i n t o  t h o s e  t h a t  a r e  ve ry  d i s t a n t  
o r  ve ry  dangerous ,  w i t h o u t  t h e  h a r d s h i p  o r  hazard  t h a t  would 
be a t t e n d a n t  i f  he were p h y s i c a l l y  p r e s e n t .  
The f i r s t  remote m a n i p u l a t o r s  ( m a s t e r - s l a v e  manipu- 
l a t o r s )  were b u i l t  a f t e r  World War I 1  a t  Argonne N a t i o n a l  
Labora to ry  when ways were needed t o  conduct  exper iments  w i t h  
9*  
r a d i o a c t i v e  m a t e r i a l s .  These m a n i p u l a t o r s  d i d  n o t  i n c r e a s e  
man's s t r e n g t h  o r  p r e c i s i o n ,  b u t  s k i l l e d  o p e r a t o r s  cou ld  p e r -  
form d e l i c a t e  and complex t a s k s  w i t h  them. These e a r l y  
man ipu l a to r s  had mechanical  l i n k a g e s  w i t h  s t e e l  t a p e s  and 
p u l l e y s ;  t h e  r e c e n t  man ipu l a to r s  have been b u i l t  u s i n g  s e r v o  
motors and e l e c t r i c a l  l i n k a g e s .  . 
There ha s  been much improvement i n  t h e s e  man ipu l a to r  
sys tems ,  now c a l l e d  T e l e o p e r a t o r  Systems,  s i n c e  t h e  f i r s t  
ones  were b u i l t .  They have become q u i t e  i n t r i c a t e ,  and p ro -  
p o s a l s  have been made f o r  sys tems  t h a t  i n c l u d e  s t e r e o  T.V. 
( f o r  e y e s )  and f u l l  d u p l i c a t i o n  o f  t h e  o p e r a t o r ' s  arm 
14 ,  1 5  
mot ions .  P roposa l s  f o r  t h e i r  u se  have ex tended  from 
* S u p e r s c r i p t s  i n d i c a t e  r e f e r e n c e s  
9 
r a d i o a c t i v e  m a t e r i a l s  expe r imen t s ,  t o  use  i n  o u t e r  space ,  
t o  a i d s  f o r  t h e  p h y s i c a l l y  handicapped.  
These sys tems have s e v e r a l  drawbacks when t h e i r  u se  
is  ex tended  t o  f i e l d s  f o r  which t hey  were n o r  s p e c i f i c a l l y  
des igned.  For example, t h e y  on ly  d u p l i c a t e  an  o p e r a t o r ' s  
motions.  For r e p e t i t i v e  t a s k s  t h i s  c o n s t r a i n t  may l i m i t  
t h e i r  u s e f u l n e s s ,  
A s  a n o t h e r  example, c o n s i d e r  t h e  s l a v e  hand be ing  a  
long d i s t a n c e  from t h e  mas t e r  c o n t r o l l e r .  In  t h i s  s i t u a t i o n  
t h e r e  i s  a  pu re  t r a n s m i s s i o n  d e l a y  o f  t h e  e l e c t r i c a l  s i g n a l .  
For example, if t h e  mas t e r  end i s  on E a r t h ,  and the s l a v e  i s  
on t h e  moon, any motion of t h e  mas t e r  end w i l l  r e q u i r e  n e a r l y  
t h r e e  seconds  t o  be conf i rmed because  o f  t h e  d i s t a n c e  t h e  
s i g n a l s  must t r a v e l .  I f  sys tems a r e  t o  cope w i t h  emergencies 
t h a t  r e q u i r e  a c t i o n  i n  l e s s  t h a n  round t r i p  s i g n a l  t ime ,  t h e y  
must have some method t o  hand le  emergencies  l o c a l l y .  
j ?e r re l l7  h a s  shown t h a t  man ipu l a t i on  t a s k s  execu ted  by 
a  man u s i n g  a  m a s t e r - s l a v e  man ipu l a to r  w i t h  no f o r c e  f eed -  
back can be completed i n  t h e  p r e s e n c e  o f  a  pu re  t ime d e l a y ,  
and t h a t  t h e  t ime t o  complete t h e  t a s k  i s  l i n e a r l y  p ropor -  
t i o n a l  t o  t h e  de l ay .  A man ipu l a t i on  t a s k  can be accomplished 
i n  a r e a sonab l e  l e n g t h  of t ime w i t h  a  f i v e  o r  t e n  second time 
d e l a y  ( F e r r e l l  used d e l a y s  of  t h i s  o r d e r ) ,  b u t  a t t e m p t i n g  any 
bu t  t h e  s i m p l e s t  t a s k s  w i t h  a  f i v e  minute d e l a y  would r e q u i r e  
ve ry  l o n g  complet ion times. Delays o f  f i v e  minutes  o r  more 
a r e  t y p i c a l  f o r  communications w i t h  t h e  n e a r  p l a n e t s .  
- 
To overcome t h e  d i f f i c u l t y  o f  o p e r a t i n g  under  condi -  
t i o n s  o f  long d e l a y  times, man ipu l a to r s  which have i n t e l l i -  
2 7 , s  gence have been proposed by She r idan ,  Johnsen,  l3 and 
o t h e r s .  The machine proposed by Sher idan  would be o p e r a t e d  
i n  a  s u p e r v i s o r y  manner; t h e  o p e r a t o r  would g ive  i t  i n s t r u c -  
t i o n s  and would p e r i o d i c a l l y  check on i t s  p rog re s s .  
S e v e r a l  r e s e a r c h e r s  have worked on systems t h a t  a r e  
16 
s u p e r v i s o r y  c o n t r o l l e d .  McCandlish found,  i n  t h e  c a s e  o f  
h i s  exper iment ,  t h a t  h i s  s u b j e c t s  performed worse on a g iven  
s imple  t a s k  when u s i n g  a  s u p e r v i s o r y  c o n t r o l l e d  sys tem than  
when t h e y  were i n  con t inuous  c o n t r o l  o f  t h e  t a s k .  I n  l a t e r  
i n t e r v i e w s  t h e  s u b j e c t s  d i s c l o s e d  t h a t  t h e y  had f a i r l y  w e l l  
memorized t h e  e n t i r e  t a s k ,  and cou ld  perform i t  reasonab ly  
w e l l  i n  an open-loop mode. T h e i r  impress ions  were t h a t  t hey  
worked much h a r d e r  on t h e  t a s k  when c o n t i n u o u s l y  c o n t r o l l i n g  
it;  t h e y  and made unnecessa ry  e r r o r s  when o p e r a t i n g  
i n  s u p e r v i s o r y  mode. Also,  t hey  were c u r i o u s  enough abou t  
t h e  sys tem's  performance when o p e r a t i n g  i n  s u p e r v i s o r y  mode 
t o  i n c r e a s e  t h e  va lue  o f  t h e i r  t a s k  p e n a l t y  f u n c t i o n  by r e -  
q u e s t i n g  e x t r a  feedback t o  v e r i f y  t h e  system1 s performance.  
Barber2  ha s  a l s o  i n v e s t i g a t e d  t h e  use  o f  s u p e r v i s o r y  
c o n t r o l l e d  man ipu l a t i on  sys tems.  He  d e v i s e d  a compi le r  s y s -  
tem t o  e n a b l e  an o p e r a t o r  t o  s y m b o l i c a l l y  i n p u t  commands t o  
a  computer c o n t r o l l e d  manipu la to r .  An example o f  a  command 
i s  "Move l e f t  200 u n i t s  o r  u n t i l  t o u c h  [something] ," The 
sys tem a l s o  ha s  t h e  f a c i l i t y  t o  r e c e i v e  s e v e r a l  commands as 
a s e t ,  a c c e p t  a  s e t  name, and execu t e  t h e  e n t i r e  s e t .  Barber  
g i v e s  a s  an example a command se t  t h a t  would cause  t h e  manipu- 
l a t o r  t o  s e a r c h  a p l a n e  a r e a  ( u s i n g  i t s  touch  s e n s o r s ) ,  and 
i f  it f i n d s  a  b lock ,  t o  move it t o  a  s p e c i f i e d  p o s i t i o n  i n  
t h e  p l ane .  
Unfo r tuna t e ly ,  Barber  r e p o r t e d  t h a t  he  had many d i f f i -  
c u l t i e s  w i t h  t h e  hardware i n  h i s  sys tem,  which p r even t ed  him 
from doing any more than  t e s t i n g  t h e  b a s i c  a s p e c t s  o f  h i s  
system, Also ,  i t  was found t h a t  t o  have a f l e x i b l e  and 
e a s i l y  u t i l i z e d  s o f t w a r e  sys tem,  t h e  computer program would 
have t o  have major  changes made i n  i t .  Barber  d i d  o u t l i n e  
t h e  improvements t h a t  were needed,  b u t  t h e y  were neve r  imple-  
mented and no e x t e n s i v e  exper iments  were performed w i t h  
t h e  equipment . 
Barbe r ' s  i d e a l  sys tem overcomes most o f  t h e  problems 
o f  man ipu l a t i on  w i t h  l o n g  t ime de l ays .  The o p e r a t o r  can 
s p e c i f y  t h e  man ipu l a to r  mot ions  b e f o r e  t h e i r  u s e ,  and, w i t h  
a r t f u l  u se  o f  t h e  c o n d i t i o n a l  s t a t e m e n t s ,  avo id  o r  p r e p a r e  
f o r  emergencies  o r  s l i g h t  e r r o r s  i n  t h e  o n - s i t e  m a n i p u l a t o r ' s  
performance.  
But Ba rbe r ' s  sys tem does  have one drawback. The 
o p e r a t o r  must e x p l i c i t l y ,  and i n  d e t a i l ,  s p e c i f y  a l l  a c t i o n s  
t h e  man ipu l a to r  i s  t o  make. I t  i s  t r u e  he  must do t h i s  o n l y  
once ,  b u t  s p e c i f y i n g  a l l  t h e  mot ions  and c o n d i t i o n a l  a c t i o n s  
o f  even a  r e l a t i v e l y  s imp le  t a s k  can be a  l a b o r i o u s  under-  
t a k i n g ,  I t  would be b e t t e r  f o r  t h e  o p e r a t o r  t o  s p e c i f y  what -
he wanted done r a t h e r  t han  how t o  do it. 
-
VJhitneyJ1 developed a  s u p e r v i s o r y  c o n t r o l l e d  system 
f o r  man ipu l a t i on  t h a t  a l l ows  t h e  o p e r a t o r  t o  s p e c i f y  o n l y  
what -is t o  be  done; t h e  computer ,  u s i n g  op t ima l  c o n t r o l  t e c h -  
n i q u e s ,  f i g u r e s  o u t  how - t o  pe r fo rm t h e  t a s k .  
Whitney's approach i s  t o  d e f i n e  a  s e t  o f  a tomic  
man ipu l a to r  p r i m i t i v e s :  f o r  example, move l e f t  one u n i t ,  
move up one u n i t ,  open,  g r a s p ,  e t c . ;  and t o  d i g i t i z e  t h e  
p h y s i c a l  space  i n  which t h e  t a s k  i s  t o  be performed,  The 
d i g i t i z e d  model of t h e  space  ( t h a t  i n c l u d e s  t h e  o b j e c t s )  
and t h e  man ipu l a to r  p r i m i t i v e s  a r e  combined t o  form a 
s t a t e  s p a c e  t h a t  d e s c r i b e s  t h e  t a s k .  
-
The s t a t e  o f  a  p h y s i c a l  space  i s  de te rmined  by t h e  
l o c a t i o n ,  t empe ra tu r e ,  o r  o t h e r  v a r i a b l e s  o f  i n t e r e s t  t h a t  
d e s c r i b e  t h e  space  o r  t h e  o b j e c t s  w i t h i n  it. A s p e c i f i c  
s t a t e  t h e n ,  co r r e sponds  t o  a  p a r t i c u l a r  c o n d i t i o n  o f  t h e  
-' 
p h y s i c a l  space .  
The term s t a t e  space  i s  used i n  t h e  same s ense  a s  i n  
c o n t r o l  theory .  30 S p e c i f i c a l l y ,  a  s t a t e  space  i s  a  space  i n  
which t h e r e  i s  one dimension f o r  each  degree  o f  freedom 
( t h a t  i s ,  f o r  e ach  v a r i a b l e  o f  i n t e r e s t ) ,  o f  t h e  p h y s i c a l  
space .  I n  manipu la t ion  t a s k s ,  t y p i c a l  deg ree s  o f  freedom 
a r e  t h e  v a r i a b l e s  which d e s c r i b e  t h e  man ipu l a to r  jaw c o o r d i -  
n a t e s  and t h e  c o o r d i n a t e s  o f  t h e  o b j e c t  o r  o b j e c t s  t o  be 
moved. I n  a  s t a t e  s p a c e ,  e ach  v a r i a b l e  i s  a l lowed t o  assume 
va lue s  o v e r  t h e  range  o f  i n t e r e s t .  The volume of  t h e  s t a t e  
space  i s  t h e  p r o d u c t  o f  t h e  range  o f  t h e  a l lowed  va lue s  o f  
a l l  v a r i a b l e s .  For example, i f  i n  a  d i g i t i z e d  space ,  t h e  
v a r i a b l e s  o f  i n t e r e s t  a r e  A, B, C ,  ... , Q ;  and A i s  a l lowed 
t o  assume 'lat1 d i s c r e t e  v a l u e s ,  B i s  a l lowed  t o  assume ltb" 
v a l u e s ,  e t c . ,  t h en  t h e r e  w i l l  be a * b * c *  . . . * q  p o i n t s  i n  
t h e  s t a t e  space .  
The g o a l  o f  a  man ipu l a t i on  t a s k  is  d e f i n e d  a s  a  
d e s i r e d  s t a t e  o f  t h e  t a s k  space .  The s o l u t i o n  o f  a  manipu- 
l a t i o n  t a s k  i s  a  p a t h  th rough  t h e  s t a t e  space  from t h e  cu r -  
r e n t  s t a t e  t o  t h e  d e s i r e d  s t a t e .  
S t a t e  s p a c e s  a r e  de s igned  s o  t h a t  t h e  d i f f e r e n c e  between 
ne ighbo r ing  s t a t e s  i s  a  s i n g l e ,  s imp le  f e a t u r e .  Aeighbor ing 
s t a t e s  of  a s t a t e  space  d e s c r i b i n g  a  man ipu l a t i on  t a s k  d i f f e r  
by a  f e a t u r e  a l t e r a b l e  by a  s i n g l e  a tomic  man ipu l a to r  prirni-  
t i v e ;  one can move from s t a t e  t o  s t a t e  and  a l t e r  t h e  e n v i r o n -  
ment by t h e  a p p l i c a t i o n  o f  a  s t r i n g  o f  man ipu l a to r  p r i m i -  
t i v e s ,  Hence, a  p a t h  from a  c u r r e n t  s t a t e  t o  a  g o a l  s t a t e  
is  an o r d e r e d  s e t  o f  man ipu l a to r  p r i m i t i v e s  which,  when 
execu ted  i n  t h e  p h y s i c a l  s p a c e ,  w i l l  accompl ish  t h e  d e s i r e d  
t a s k .  Whi tneyqs  method r educes  t h e  e n t i r e  problem of  f i n d -  
i n g  s o l u t i o n s  t o  man ipu l a t i on  t a s k s  t o  g e n e r a t i n g  a  s t a t e  
space  and f i n d i n g  a  p a t h  th rough  t h e  s t a t e  space .  
A s  an a i d  i n  unde r s t and ing  t h e  concep t s  p r e s e n t e d  
above, c o n s i d e r  t h e  fo l l owing  example,  summarized from 
Whitney . 31 F igu re  1 shows a  one d imens iona l  l i n e  w i t h  a 
s e t  of  man ipu l a to r  jaws and a  b lock ,  The jaws can move 
a long  t h e  l i n e  and open and c l o s e .  I f  i t  i s  assumed t h a t  
t h e  o b j e c t  w i l l  n o t  be moved, t h e  s t a t e  v e c t o r  n e c e s s a r y  
t o  d e s c r i b e  changes i n  t h e  space  i s  
where X . = X  c o o r d i n a t e  o f  jaws = 1, . . . , 5 
J 
0 i f  t h e  jaws a r e  open 
and H= 
1 i f  t h e  jaws a r e  c l o sed .  C
Ehysioal space from Mhitney 31 
Figure 1 
State sp e and allowable transi t ion of Figure 1 ,  from 
Whitney. 49 
Nodes represent state8 , edges represent possible 
transi t ions .  
Numbers along edges represent oost of transi t ion.  
Arrow. ahm path from J- [-]to [:1 
Figure -2 
The r e l e v a n t  a tomic  commands f o r  t h i s  t a s k  a r e  open 
jaws, c l o s e  jaws, move jaws one u n i t  r i g h t ,  and move jaws 
one u n i t  l e f t .  The s t a t e  space  f o r  f i g u r e  1, w i t h  a l l o w a b l e  
t r a n s i t i o n s ,  i s  shown i n  f i g u r e  2.  The p o s s i b l e  s t a t e s  a r e  
i n d i c a t e d  by t h e  nodes ( p o i n t s ) .  The edges  ( l i n e s )  connec t -  
i n g  t h e  nodes i n d i c a t e  t h e  p o s s i b l e  t r a n s i t i o n s  from s t a t e  
t o  s t a t e ,  The jaws canno t  move wh i l e  c l o s e d  from X 11 o r  j  
X.=3 t o  X.=2 because  t h e y  w i l l  c o l l i d e  w i t h  t h e  o b j e c t .  The 
J J 
numbers a l ong  t h e  t r a n s i t i o n  l i n e s  r e p r e s e n t  t h e  c o s t  of  
making t h e  t r a n s i t i o n .  The cha rge  i s  one u n i t  f o r  opening 
o r  c l o s i n g  t h e  jaws,  two u n i t s  f o r  moving w i t h  t h e  jaws 
c l o s e d ,  and t h r e e  u n i t s  f o r  moving w i t h  t h e  jaws open. 
Now l e t  us  i n v e s t i g a t e  s o l v i n g  a  s imp le  t a s k ,  moving 
t h e  jaws from t h e i r  p r e s e n t  p o s i t i o n ,  s t a t e  F] , t o  X - 1 ,  
c l o s e d ,  o r  t o  s t a t e  [:I , The s h o r t e s t  p a t h  a l g o r i t h m  f i n d s  
t h e  p a t h  t o  t h e  goa l  a s  t h e  sequence  o f  s t a t e s  ( i n  t h e  form 
T r a n s l a t i n g ,  t h e  jaws a r e  moved from X=5 t o  X = 3  c l o s e d ,  
opened a t  X=3, moved t o  X = l  open,  and t h e n  c l o s e d ,  which 
s o l v e s  t h e  g iven  t a s k .  The ar rows on t h e  t r a n s i t i o n  l i n e s  i n  
f i g u r e  2 show t h e  p a t h  i n  t h e  s t a t e  space .  
To p l a n  t a s k s  which move t h e  b l o c k ,  t h e  s t a t e  v e c t o r  
must be e x t e n d e d  t o  i n c l u d e  t h e  b l o c k ' s  X c o o r d i n a t e ,  
X -  and H a s  b e f o r e  
S =  3 
X,=X c o o r d i n a t e  o f  o b j e c t  = l,..., 5 
and t h e  open and c l o s e  mot ions  o f  t h e  jaws a t  X=2 must be 
i n t e r p r e t e d  a s  r e l e a s e  and g r a s p ,  r e s p e c t i v e l y .  By e x t e n d -  
i n g  t h e  s t a t e  s p a c e  t o  t h r e e  d imens ions ,  any t a s k  t o  move 
t h e  o b j e c t  c a n  be s o l v e d  u s i n g  t h e  p r i n c i p l e s  we have 
d i s c u s s e d .  The comple te  t a s k  i s  t h o r o u g h l y  examined by 
Whi tney.  
To summarize, Whitney showed t h a t  t h e  s o l u t i o n  o f  a  
m a n i p u l a t i o n  t a s k  can be found a s  a  p a t h  th rough  a s t a t e  
space .  Th i s  p a t h  d e s c r i b e s  a  s t r i n g  o f  m a n i p u l a t o r  p r i m i -  
t i v e s  which, when e x e c u t e d  i n  sequence ,  r e s u l t s  i n  accompl ish-  
i n g  t h e  r e q u e s t e d  t a s k .  
A s  a  d e m o n s t r a t i o n  o f  h i s  t h e o r y ,  Whitney implemented 
a  v e r s i o n  o f  t h e  s t a t e  s p a c e  sys tem on a  PDP-8 computer 5 
t h a t  c o n t r o l l e d  a  t h r e e  d e g r e e  o f  freedom m a n i p u l a t o r  
( X , Y ,  o p e n - c l o s e  jaws) .  The m a n i p u l a t o r  sys tem moved one 
u n i t  s q u a r e  b locks  i n  response  t o  t a s k  r e q u e s t s  i n p u t  from 
a  t e l e t y p e .  
The s t a t e  space  method p r o v i d e s  a  s o l u t i o n  t e chn ique  
f o r  man ipu l a t i on  problems. But i t  ha s  a  r e a l i s t i c  l i m i t  on 
t h e  complexi ty  o f  t a s k s  it can s o l v e .  Because t h e  s t a t e  
space  d e s c r i p t i o n  must be c o n t a i n e d  i n  a  computer o r  some 
s t o r a g e  medium a c c e s s i b l e  by a  computer ,  t h e  s i z e  (number 
o f  nodes)  o f  t h e  s t a t e  space  i s  l i m i t e d .  From e x p e r i e n c e ,  
t h i s  l i m i t  on t a s k  complex i ty  h a s  been s e t  s o  t h a t  t h e  s t a t e  
space  d e s c r i b e s  moving one o b j e c t .  
In  an a t t e m p t  t o  overcome t h i s  l i m i t a t i o n ,  Wiiitney 
proposed a  method t h a t  cou ld  f i n d  t h e  s o l u t i o n  t o  a  t a s k  
t h a t  r e q u i r e d  moving two o r  more o b j e c t s .  The o p e r a t o r  s p e c i -  
f i e s  a l l  t h e  r e l e v a n t  s u b - t a s k s  ( sub - t a sk  means a  t a s k  i n  
which one o b j e c t  w i l l  be moved) o f  which he  e x p e c t s  one p e r -  
muta t ion  t o  be optimum, and t h e  sys tem forms an OR TREE o f  a l l  
p o s s i b l e  pe rmu ta t i ons .  I t  e v a l u a t e s  a l l  t h e s e  combina t ions  
t o  f i n d  t h e  c h e a p e s t  c h a i n  o f  s u b - t a s k s  t h a t  accompl ishes  
t h e  t a s k .  The sys tem f i n d s  t h e  c o s t  and s o l u t i o n  o f  each sub-  
t a s k  u s i n g  t h e  t h e  s t a t e  space  method. 
One d i s advan t age  o f  t h i s  method i s  t h a t  t h e  o p e r a t o r  
must s p e c i f y  a l l  s u b - t a s k s  t h e  sys tem i s  t o  cons ide r .  I n  
many c a s e s ,  t h i s  i n c l u d e s  s u b - t a s k s  i n  which t h e  o p e r a t o r  
has  no i n t e r e s t ,  e x c e p t  t h a t  t h e y  must be s o l v e d  b e f o r e  
t h e  complete  t a s k  i s  so lved .  I n  t h e s e  c a s e s ,  t h e  o p e r a t o r  
i s  h e l p i n g  t h e  sys tem f i n d  t h e  s o l u t i o n  by s p e c i f y i n g ,  i n  p a r t ,  
how - t h e  t a s k  i s  t o  be  so lved .  
A s  an example,  c o n s i d e r  t h e  t a s k  shown i n  f i g u r e  3 .  
The o p e r a t o r  i s  i n t e r e s t e d  i n  moving A t o  X. But ,  i n  add i -  
t i o n ,  he must s p e c i f y  t h a t  B shou ld  be moved, and where it i s  
t o  be moved t o ,  i n  t h i s  c a s e ,  t h e  a r e a  L. Le t  us s a y  t h e  
a r e a  L c o n t a i n s  t h r e e  d i s t i n c t  p o s i t i o n s ,  L1, L ~ ,  and L ~ .  
The OR TKEE which t h e  sys tem computes i s  shown i n  f i g u r e  4. 
The c o s t s  a r e  a l l  d i f f e r e n t  a s  t h e  jaws move B t o  d i f f e r e n t  
p l a c e s ,  t hen  r e t u r n  t o  move A. The sys tem has  t o  compute 
seven p a t h s ,  and remember and compare t h e i r  c o s t s .  Of 
c o u r s e ,  a  7-dimensional  s t a t e  space  cou ld  s o l v e  i t  a u t o -  
m a t i c a l l y ,  w i t h o u t  t h e  o p e r a t o r  g i v i n g  any h i n t s  a t  a l l ,  
b u t  seven  dimensions  a r e  o u t  o f  p r o p o r t i o n  f o r  such a 
s imple  problem. 
I n  summary, t h e  OR TKEE o f  c o n c a t e n a t e d  p a t h s  i s  
one sys tem t o  move s e v e r a l  o b j e c t s  t o  s e v e r a l  p l a c e s ,  bu t  
i t  ha s  t h e  d i s advan t ages  o f  
1 )  i n  some c a s e s  t h e  o p e r a t o r  must s p e c i f y ,  i n  p a r t ,  
how t h e  t a s k  i s  t o  be s o l v e d  by s p e c i f y i n g  a l l  
-
t h e  s u b - t a s k s  t h a t  need t o  be s o l v e d  f o r  t h e  
P*s;f;,, So 
move A i a  
o6J.ecf t6 
,be moved 
Area A move B +o 
Operator met tell the #yetom to moor B, a d  glve 
the syttem an area whore  I t  oan bs moved. 
Hutohsd ob3eotr are lmao~abls, 
OR TBE8 to rolre taek rhoun la figure 3. 
Total oost  r C1+C2 
Total aoat * C +C 3 4 
Total 0o8t * C 5 6 6  
sys tem t o  f i n d  t h e  s o l u t i o n  t o  t h e  r e q u e s t e d  
t a s k ,  and 
2 )  t h e  sys tem must compute a  l a r g e  number o f  p a t h s .  
Th i s  proposed OR TREE sys tem o f  Whitney's  w i l l  be d i s c u s s e d  
f u r t h e r  i n  Chapter  VII.  
The Requirements o f  a  S upe rv i so ry  C o n t r o l l e d  Manipu la to r  
- --  
For a  s u p e r v i s o r y  c o n t r o l l e d  man ipu l a to r  t o  s o l v e  
man ipu l a t i on  t a s k s ,  t h e r e  i s  a  minimal amount o f  i n fo rma t ion  
i t  must be  g iven  abou t  t h e  t a s k ,  and t h e r e  a r e  c e r t a i n  
a b i l i t i e s  t h e  sys tem must pos se s s .  These a r e  summarized below. 
I n p u t  : 
1 )  I t  must be g iven  a  d e s c r i p t i o n  o f  t h e  p r e s e n t  
t a s k  s i t e  s o  t h a t  i t  can make an 
i n t e r n a l  model. 
2)  I t  must be g iven  a  d e s c r i p t i o n  o f  t h e  
s t a t e  o f  t h e  t a s k  s i t e  a s  t h e  o p e r a t o r  
would l i k e  it t o  be. 
Sys tem: 
1 )  I t  must have t h e  means t o  change t h e  
s t a t e  o f  t h e  t a s k  s i t e .  
2 )  I t  must know how i t  can change t h e  
-
s t a t e  o f  t h e  t a s k  s i t e .  
3) I t  must have a  method o f  p l a n n i n g  
changes which r e s u l t  i n  t h e  s o l u t i o n  
o f  t h e  r e q u e s t e d  t a sk .  
The g o a l  o f  r e s e a r c h e r s  i n  t h i s  a r e a  i s  t o  improve t h e  
sys tem 's  a b i l i t i e s  s o  t h a t  more complex t a s k s  can be s o l v e d  
wh i l e  t h e  i n p u t  is  kep t  a t  t h e  minimum. One measure o f  a 
s u p e r v i s o r y  c o n t r o l l e d  man ipu l a to r  sys tem,  t h e n ,  i s  t h e  
complexi ty  o f  t h e  t a s k  it can s o l v e  when g iven  t h e  minimal 
i n p u t  d e s c r i b e d  above. 
S i m i l a r  Work 
-
S e v e r a l  o t h e r  r e s e a r c h e r s  have i n v e s t i g a t e d  problems 
of  b u i l d i n g  s u p e r v i s o r y  c o n t r o l l e d  man ipu l a to r s .  Two n o t a b l e  
examples a r e  mentioned below. 
The SRI Robot p r o j e c t Z 1  h a s ,  a s  one component, rou- 
t i n e s  which p l a n  and d i r e c t  t h e  r o b o t  t o  move o b j e c t s  around 
a room. The o p e r a t o r  communicates w i t h  a  ques t ion-answer ing  
sys tem,  QA3. lo He p h r a s e s  h i s  r e q u e s t s  i n  terms o f  con jec -  
t u r e s  which QA3 p roves  l o g i c a l l y ,  u s i n g  a p r e d i c a t e  c a l c u l u s  
t e chn ique  c a l l e d  " r e s o l u t i o n .  " For example,  i f  t h e  o p e r a t o r  
wants t o  move o b j e c t  X t o  p o s i t i o n  P ,  he  c o n j e c t u r e s  ( i n  l o g i -  
c a l  te rms)  t h a t  a  s i t u a t i o n  e x i s t s  i n  which X i s  a t  P. QA3 
then  p roves  t h a t  t h i s  s i t u a t i o n  can e x i s t ,  i f  t h e  r o b o t  
pushes X t o  P. The sys tem t r a c e s  th rough  t h e  p roof  t o  f i n d  
which o b j e c t s  a r e  t o  be moved ( X  i n  t h i s  c a s e )  and where t hey  
a r e  t o  be moved t o  (P) .  The sys tem t h e n  c a l l s  t h e  p a t h  
p l ann ing  r o u t i n e ,  p l a n s  t h e  p a t h ,  and e x e c u t e s  it. The p a t h  
p l ann ing  r o u t i n e  u t i l i z e s  t h e  s h o r t e s t  p a t h  a l g o r i t h m  by 
Har t  e t  a l .  11 
H e w i t t ' s  PLANNEK~'  i s  a  programming language which i s  
o r i e n t e d  toward accomplishment o f  t a s k s  o r  g o a l s  which may be 
broken down i n t o  s u b - t a s k s  o r  sub -goa l s .  The d a t a ,  o r  
theorems,  needed t o  accompl ish  a  d e s i r e d  r e s u l t  need n o t  be 
r e f e r e n c e d  e x p l i c i t l y  b u t  r a t h e r  by r e q u e s t i n g ,  i n  e s s ence ,  
" the  datum o r  p rocedure  which accompl i shes  t h e  d e s i r e d  r e -  
s u l t . "  Th i s  i s  l i k e  hav ing  t h e  a b i l i t y  t o  s ay  "Cal l  a  sub-  
r o u t i n e  which w i l l  a ch i eve  t h e  d e s i r e d  r e s u l t . "  For example, 
i f  a  theorem, T, is  t o  be proved,  PLANNER i s  asked  t o  e v a l u a t e  
"GOAL T . "  PLANNER a l s o  ha s  a  back-up f e a t u r e  which a l l ows  i t ,  
i n  t h e  c a s e  of  f a i l u r e ,  t o  r e t u r n  t o  t h e  l a s t  p l a c e  where a 
d e c i s i o n  was made, make a n o t h e r  d e c i s i o n  a t  t h a t  p o i n t  and con- 
t i n u e  s e a r c h i n g .  Th i s  f e a t u r e  a l l ows  PLANNER t o  e x p l o r e  a  
sub-goa l  t r e e ;  o t h e r  r e c u r s i v e  e v a l u a t o r s ,  l i k e  LISP ,  have no 
conven ien t  way t o  do t h i s .  
For PLANNER t o  p l a n  p a t h s  f o r  moving o b j e c t s ,  t h e  
o p e r a t o r  a sks  PLANNER t o  p rove  t h a t  an o b j e c t ,  X,  cou ld  
be i n  a  p o s i t i o n ,  P. I f  i t s  d a t a  base  i n c l u d e s  t h e  aypro-  
p r i a t e  axionis, P L M l i E R ,  a f t e r  e x p l o r i n g  t h e  n e c e s s a r y  sub-  
g o a l  t r e e s ,  would f i n d  t h a t  o b j e c t  X cou ld  be i n  p o s i t i o n  P 
i f  it were moved t h e r e .  Note t h a t  a l t hough  PLANNER seems t o  
work l i k e  QA3,  t h e  methods used by t h e  two sys tems a r e  ve ry  
d i f f e r e n t .  
A s  man ipu l a t i on  t a s k s  can be posed i n  l o g i c a l  t e rms ,  
any l o g i c a l  p rob lem-so lv ing  machine can be used t o  f i n d  s o l u -  
t i o n s .  Notable  examples i n  a d d i t i o n  t o  t h e  two p r e v i o u s l y  
mentioned i n c l u d e  t h e  Genera l  Problem ~ o l v e r l ~  and t h e  
Logic Theory Machine. l b  
Discus s ion  o f  t h e  Problem 
--
Manipu la t ion  t a s k s  g e n e r a l l y  a r e  n o t  d i f f i c u l t  f o r  
peop le  t o  s o l v e .  But t h e r e  a r e  i n s t a n c e s  where peop le  
canno t ,  o r  do n o t  d e s i r e  t o ,  s o l v e  them. In  t h e s e  c a s e s ,  
peop le  r e l y  on mechanical  s e r v a n t s .  A mechanical  s e r v a n t  
t h a t  ( p o t e n t i a l l y )  can  perform g e n e r a l  man ipu l a t i on  t a s k s  
i s  commonly c a l l e d  a  r o b o t ;  i n  t h i s  work it i s  c a l l e d  a  
s u p e r v i s o r y  c o n t r o l l e d  manipu la to r .  
The d e s i g n  o f  a  s u p e r v i s o r y  c o n t r o l l e d  man ipu l a to r  
poses  many d i f f i c u l t  problems.  Three g e n e r a l  problem a r e a s  
t h a t  seem t o  be most impor t an t  a r e :  
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1 )  Design o f  t h e  hardware ( i n c l u d e s  computers ,  
v e h i c l e s ,  hands ,  and arms).  
2 )  Design o f  a  sys tem (computer  program) which can 
unde r s t and  a  t a s k  r e q u e s t  made i n  t h e  opera -  
t o r t  s n a t u r a l  language.  
3) l jesign o f  a  sys tem (computer  program) which can 
f i g u r e  o u t  how t o  accompl ish  t h e  t a s k  r e q u e s t .  
Tn i s  t h e s i s  c o n c e n t r a t e s  on t h e  t h i r d  a s p e c t  o f  
t h e  problem. Our g o a l  i s  t o  d e s i g n  a  p l a n n i n g  p rocedure ,  
which, when p rov ided  on ly  w i t h  a  d e s c r i p t i o n  o f  t h e  t a s k  
s i t e  and a  t a s k  r e q u e s t  t h a t  i s  s t r i c t l y  l i m i t e d  t o  what -
t h e  o p e r a t o r  wants done,  w i l l  have t h e  a b i l i t y  t o  f i n d  
good s o l u t i o n s  t o  complex man ipu l a t i on  t a s k s .  (Complex 
manipu la t ion  t a s k s  a r e  d e f i n e d  a s  man ipu l a t i on  t a s k s  i n  
which two o r  more o b j e c t s  a r e  t o  be moved.) 
A t  t h i s  p o i n t  some g e n e r a l  comments a r e  i n  o r d e r .  
F i r s t ,  f o r  t h e  p r e s e n t  t ime w e  w i l l  r e s t r i c t  o u r  a t t e n t i o n  
t o  man ipu l a t i on  t a s k s  i n  which we a r e  concerned on ly  w i t h  
t he  s t a t i c  ar rangement  o f  o b j e c t s .  An o b j e c t  being moved 
by t h e  jaws w i l l  have a  v e l o c i t y ,  b u t  we a r e  i n t e r e s t e d  on ly  
i n  t h e  f a c t  t h a t  t h e  o b j e c t  and t h e  jaws occupy a  s u c c e s s i o n  
of  s p e c i f i c  s t a t e s  a s  t h e y  a r e  moving. 
Second, we a r e  i n t e r e s t e d  i n  f i n d i n g  good,  n o t  
n e c e s s a r i l y  o p t i m a l ,  s o l u t i o n s .  Optimal  t e c h n i q u e s  a r e  
used ,  and p a t h  segments  w i l l  be o p t i m a l  i n  te rms o f  an  
a  p r i o r i  c o s t  f u n c t i o n ,  a l t h o u g h  t h e  o v e r a l l  s o l u t i o n  w i l l  
n o t  be. The o b j e c t i v e  i s  t o  f i n d  a  s t r i n g  of  m a n i p u l a t o r  
p r i m i t i v e s  which,  when e x e c u t e d  i n  o r d e r ,  g i v e  a  s o l u t i o n  
t o  t h e  r e q u e s t e d  t a s k  w i t h o u t  much wasted  motion.  
T h i r d ,  t h e  r e a d e r  s h o u l d  r e a l i z e  t h a t  t h e r e  w i l l  
be l i m i t s  on t h e  c a p a b i l i t y  o f  t h e  sys tem proposed i n  t h i s  
t h e s i s .  The g o a l  i s  t o  i n c r e a s e  t h e  degree  o f  complex i ty  
o f  t h e  m a n i p u l a t i o n  t a s k s  t h a t  can be performed when g iven  
t h e  minimal i n p u t .  There w i l l  be a  d i s c u s s i o n  o f  t h e  
l i m i t s  o f  t h i s  sys tem i n  Chapter  V. 
Preview o f  t h e  Systern Proposed i n  T h i s  T h e s i s  
-- -- 
The d i s c u s s i o n s  and d e s c r i p t i o n s  i n  t h i s  t h e s i s  a r e  
t o  be  a t  t h r e e  l e v e l s :  
1 )  g e n e r a l  t a s k  o r  a c t i v i t y  p l a n n i n g ,  
2 )  m a n i p u l a t i o n  t a s k  p l a n n i n g ,  and 
3) examples used f o r  i l l u s t r a t i o n s .  
A c h a r a c t e r i s t i c  o r  a b i l i t y  d e s c r i b e d  a t  one l e v e l  can  be 
assumed a t  any lower ,  more job  s p e c i f i c  l e v e l .  But any 
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r e s t r i c t i o n s  on low l e v e l  a b i l i t i e s  must n o t  be assumed 
t o  be v a l i d  a t  a  h i g h e r  l e v e l .  
A t  t he  g e n e r a l  l e v e l ,  t h e r e  w i l l  be a  d i s c u s s i o n  o f  
t h e  c h a r a c t e r i s t i c s  and u s e s  o f  AJD TREES. AID TKEES s e r v e  
t h e  same f u n c t i o n  a s  PERT c h a r t s ;  and t h e y  can be used  i n t e r -  
changeably ,  b u t  t h e y  a r e  n o t  t h e  same. A PEKT c h a r t  o r d e r s  
t h e  s u b - a c t i v i t i e s  o f  an a c t i v i t y  s o  t h a t  one can accompl ish  
i t  by e x e c u t i n g  a l l  t h e  s u b - a c t i v i t i e s  on t h e  PERT c h a r t  i n  
t h e  i n d i c a t e d  o rde r .  A p l a n  made i n  PERT c h a r t  form can be 
p u t  on an AND TREE by r e p l a c i n g  t h e  d u p l i c a t e  edges o f  t h e  
PERT c h a r t  w i t h  d u p l i c a t e  nodes  on t h e  AND TREE. Like  a  PEKT 
c h a r t ,  a l l  t a s k s  on an AND TREE must be execu ted .  The o r d e r  
of execu t i on  i s  from bottom t o  top .  The f o l l o w i n g  example 
w i l l  i l l u s t r a t e  t h e  above i d e a s .  
Suppose we p l a n  g e t t i n g  ready  t o  go t o  work. The 
f i r s t  s t e p  i s  t o  g e t  o u t  o f  bed,  t hen  d r e s s ,  e a t  b r e a k f a s t ,  
and f i n a l l y  l e ave .  G e t t i n g  o u t  o f  bed must p recede  t h e  
o t h e r  e v e n t s ,  and l e a v i n g  home must f o l l o w  a l l  o t h e r  e v e n t s .  
G e t t i n g  d r e s s e d  and e a t i n g  b r e a k f a s t  can be done i n  any o r d e r .  
A PEKT c h a r t  diagramming t h e s e  a c t i v i t i e s  i s  shown i n  
f i g u r e  5. The same p l a n  on an AUD TREE is  shown i n  f i g u r e  6. 
The d u p l i c a t e  edges  of  t h e  PERT c h a r t  a r e  r e p l a c e d  by d u p l i -  
c a t e  nodes on t h e  AND TREE. 
PART chart plan for getting rracly to  go to work. 
U t  brackf ast G e t  dreaead 
h 
Get out of bad 
All tasks must be exeuutad in the order indlaated by 
the arrows. 
Figure 5 
AND TREE plan for get t ing  ready t o  go t o  work, 
1 Sa t  breakfast I I G e t  dressed I 
G e t  out of' bed G e t  out of bed 
All tasks muat ba ereouted from b o t t a  t o  top. 
Figure 6 
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I f  we go one s t e p  f u r t h e r  and adop t  a  d i r e c t i o n  o f  
e x e c u t i o n  conven t ion  ( t h e  d i r e c t i o n  i s  a r b i t r a r y ,  b u t  once 
i t  i s  chosen,  i t  must be adhered  t o ) ,  we can reduce  t h e  nodes 
on t h e  AND TREE. F igu re  7 shows t h e  AN0 TKEE o f  f i g u r e  6 ,  
a f t e r  adop t i ng  a  r i g h t  t o  l e f t  e x e c u t i o n  conven t ion ,  and 
d e l e t i n g  d u p l i c a t e  t a s k s .  
AND TREES a r e  used because  t hey  a r e  e a s i e r  t o  imple-  
ment on a  computer ,  a s  each  node ha s  one ,  and o n l y  one ,  p rede-  
c e s s o r  node on t h e  t r e e .  A s  t h e y  a r e  e q u i v a l e n t  d a t a  s t r u c -  
t u r e s ,  t h e  advan tages  a r e  a v a i l a b l e  w i t h o u t  p e n a l  t i e s .  
To f i n d  t h e  s o l u t i o n s  t o  complex manipu la t ion  t a s k s ,  
Whitneyls  s t a t e  space  t e chn ique  w i l l  be used t o  s o l v e  t h e  
s imple  man ipu l a t i on  t a s k s  (move one o b j e c t ) ,  and t h e  
AND TKEE w i l l  be used  a s  a  d a t a  s t r u c t u r e  t o  o r d e r  t h e  
s imple  t a s k s .  The r e s u l t  o f  t h e  c a l c u l a t i o n s  is a  s t r i n g  
o f  man ipu l a t i on  p r i m i t i v e s  which, when execu t ed  i n  o r d e r ,  
w i l l  move o b j e c t s  t o  t h e  r e q u e s t e d  f i n a l  p o s i t i o n s .  
A s i m p l i f i e d  b lock  diagram o f  t h e  system i s  shown 
i n  f i g u r e  8. The i n p u t  c o n s i s t s  o f  t h e  o b j e c t s '  s h a p e s ,  
i n i t i a l  p o s i t i o n s ,  and s p e c i f i e d  f i n a l  p o s i t i o n s .  In t h e  
system implementa t ion ,  t h e s e  i n p u t s  a r e  g iven  by t e l e t y p e ,  
bu t  a r e  e s s e n t i a l l y  d e s c r i p t i o n s  o f  snap  s h o t s  o f  t h e  
d e s i r e d  c o n f i g u r a t i o n ,  (See t h e  p i c t u r e s  i n  Chapter  VII I.) 
AND TWii plan f o r  gettfng ready t o  go to work 
after adopting a left t o  right sxeoution conrentim 
and deleting the duplicate ta sks .  
Leave home 




G e t  out of bed 
- 
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Lower L e d  
Input: objeats' shapes, inltial positions, and 
spealfied final positions 
Outputr path for Jaws an& ob3eats 
Upper level of rrystsmt AND TREE to order sub-tasks 
Lower level  of 8yatemo ' a s t a t e  space method to  f ind 
so lut ions  to sub-taaka 
Note t h a t  o n l y  one o b j e c t  must have  a  s p e c i f i e d  f i n a l  p o s i -  
t i o n  f o r  a  t a s k  t o  be d e f i n e d ;  t h a t  i s ,  n o t  a l l  o b j e c t s  on t h e  
i n i t i a l  p o s i t i o n  l i s t  must be on t h e  f i n a l  p o s i t i o n  l i s t .  For 
t h e s e  o t h e r  o b j e c t s  t h e  sys tem assumes t h e  o p e r a t o r  does  n o t  
c a r e  where t h e y  a r e  a t  t h e  end of  t h e  t a s k ,  I t  t e n d s  t o  
l e a v e  t h e s e  o b j e c t s  s c a t t e r e d  a round  t h e  s p a c e .  Note t h e  
p o s i t i o n  of o b j e c t s  B ,  F, and ll i n  t h e  l a s t  p i c t u r e  o f  
t a s k  1 i n  t h e  examples s e c t i o n ,  frame 211. 
The lower  l e v e l  o f  t h e  sys tem i s  an implementa t ion  
o f  a  s h o r t e s t  p a t h  a l g o r i t h m  t h a t  i s  d e s i g n e d  t o  p l a n  a  
p a t h  f o r  moving - one o b j e c t .  I t  i s ,  i n  e s s e n c e ,  Whitney's 
s t a t e  s p a c e  method, b u t  t h e  a l g o r i t h m s  a r e  implemented 
d i f f e r e n t l y  t o  h a n d l e  random shaped  o b j e c t s .  Chap te r  I V  
d i s c u s s e s  t h e  implementa t ion  o f  t h e  s h o r t e s t  p a t h  a l g o r i t h m .  
The main p a r t  o f  t h e  upper  l e v e l  o f  t h e  sys tem i s  a n  
AND TKLE which d e t e r m i n e s  t h e  o r d e r  f o r  moving o b j e c t s  t o  
t h e i r  f i n a l  p o s i t i o n s .  The u p p e r  l e v e l  a l s o  g e n e r a t e s  and 
o r d e r s  t h e  s u b - t a s k s  which s p e c i f y  moving o b j e c t s  o u t  o f  
t h e  way o f  t h e  p roposed  p a t h  o f  o t h e r s .  
The o u t p u t  o f  t h e  sys tem is a  p a t h  f o r  t h e  jaws and 
o b j e c t s  which shows t h e  s t e p  by s t e p  changes i n  p o s i t i o n s ,  
A f t e r  t h e  l a s t  s t e p  o f  t h e  p a t h  h a s  been comple ted ,  t h e  t a s k  
a s  d e f i n e d  by t h e  o p e r a t o r  i s  completed.  
B r i e f l y ,  t h e  sys tem works a s  f o l l o w s .  The sys tem 
s e t s  up a  model of  t h e  p h y s i c a l  s p a c e  where t h e  t a s k  i s  t o  
be e x e c u t e d ,  and t h e  o p e r a t o r  g i v e s  i t  a  d e s c r i p t i o n  of  t h e  
t a s k  s p a c e  a s  he  would l i k e  i t  when t h e  t a s k  i s  completed.  
The sys tem u s e s  t h i s  i n f o r m a t i o n  t o  g e n e r a t e  an o r d e r  t o  
move o b j e c t s  t o  t h e i r  s p e c i f i e d  F i n a l  P o s i t i o n s .  T h i s  o r d e r  
i s  r e p r e s e n t e d  by a  s t a c k  o f  s u b - t a s k s  ( e a c h  o f  which r e -  
q u e s t s  moving one o b j e c t )  on t h e  AhL, 'IRkE. The upper  l e v e l  
sys tem g i v e s  t h e  lower  l e v e l  sys tem t h e  name of  an o b j e c t  t o  
be moved, and a  p o s i t i o n  t o  which i t  i s  t o  be moved. The 
lower  l e v e l  sys tem a t t e m p t s  t o  compute a  p a t h  f o r  t h e  o b j e c t  
and r e t u r n s  t o  t h e  upper  l e v e l  s y s t e m  a  v a l u e  c o r r e s p o n d i n g  t o :  
1 )  A p a t h  is found and t h e  o b j e c t  can  be moved. 
2 )  A p a t h  i s  found b u t  o t h e r  o b j e c t s  a r e  i n  t h e  
p a t h  and must be moved o u t  o f  t h e  way b e f o r e  
t h i s  o b j e c t  c a n  be moved. 
3) No p a t h  i s  found t o  move t h i s  o b j e c t .  
I f  t h e  v a l u e  c o r r e s p o n d i n g  t o  1 i s  r e t u r n e d ,  t h e  o b j e c t  i n  
t h e  s y s t e m ' s  i n t e r n a l  t a s k  model i s  moved. I f  t h e  v a l u e  c o r -  
r e spond ing  t o  2 i s  r e t u r n e d ,  s u b - t a s k s  a r e  g e n e r a t e d  t o  move 
t h e  o b j e c t s  i n  t h e  p l a n n e d  p a t h  o u t  o f  t h e  way. These sub-  
t a s k s  a r e  p u t  on t h e  ANU TREE t o  be e x e c u t e d  p r i o r  t o  t h e  
s u b - t a s k  whose e x e c u t i o n  was j u s t  a t t e m p t e d .  I f  t h e  v a l u e  
co r r e spond ing  t o  3 i s  r e t u r n e d ,  t h e  s h o r t e s t  p a t h  a l g o r i t h m  
f a i l e d  t o  f i n d  a  p a t h  ( f o r  example, t h e  t a s k  i s  imposs ib l e  
because  o f  an  immovable w a l l ) ,  and t h e  sys tem t e r m i n a t e s  
e x e c u t i o n  o f  t h i s  e n t i r e  t a s k .  
When v a l u e s  co r r e spond ing  t o  e i t h e r  1 o r  2 a r e  r e -  
t u r n e d ,  t h e  upper l e v e l  sys tem g i v e s  t h e  lower l e v e l  s y s -  
tem a n o t h e r  s u b - t a s k  t o  execu t e .  Th i s  sequence  c o n t i n u e s  
u n t i l  t h e  sys tem f i n d s  a  s o l u t i o n  t o  t h e  complete  t a s k  a s  
d e f i n e d  by t h e  o p e r a t o r ,  o r  u n t i l  i t  d i s c o v e r s ,  u s i n g  i t s  
i n t e r n a l  model o f  t h e  t a s k ,  t h a t  t a s k  i s  imposs ib le .  
A s  an example, c o n s i d e r  t h e  f o l l o w i n g  t a s k .  F igu re  9-a 
shows t h e  o b j e c t s '  I n i t i a l  P o s i t i o n s  and f i g u r e  9-b shows 
t h e i r  F i n a l  P o s i t i o n s .  The s m a l l  s q u a r e  w i t h  t h e  crooked 
l i n e  ("W") th rough  i t  i s  t h e  man ipu l a to r  jaws, They a r e  t h e  
prime movers; t h e y  move t h e  o b j e c t s  i n  t h e  space  by g r a sp ing  
o r  push ing  them. 
The sys tem d e c i d e s  t h a t  t h e  o r d e r  i n  which t h e  
o b j e c t s  a r e  t o  be moved t o  t h e i r  f i n a l  p o s i t i o n s  i s  A ,  t h e n  B,  
and t h e n  C.  (There a r e  on ly  two o t h e r  o r d e r s  t h a t  a r e  p o s s i b l e :  
B ,  A ,  and C ;  o r  B ,  C ,  and A*) The sy s t em ' s  s o l u t i o n  i s  a s  
f o l l ows :  t h e  upper l e v e l  sys tem a s k s  t h e  lower l e v e l  sys tem 
t o  f i n d  a  p a t h  t o  move A t o  i t s  f i n a l  p o s i t i o n .  The sys tem 
t h e n  d i s c o v e r s  t h a t  B is i n  t h e  way. (A i s  n o t  moved.) The 
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Sample 'Task Specif icatlon 
e c h  6 6e moved 
+ U L ~ O P ~ ~ W S  
Figure 9-b 
sys tem t r i e s  t o  move B o u t  o f  t h e  way and d i s c o v e r s  L i s  
i n  t h e  way. The sys tem then  f i n d s  a  p a t h  i n  which ti le jaws 
push C o u t  o f  B ' s  and A ' s  way, t hen  f i n d s  t h e  n e x t  segment o f  
t h e  p a t h  which moves B o u t  o f  A ' s  way. A t  t h i s  p o i n t  B and C; 
a r e  o u t  o f  t h e  way, and t h e  o b j e c t s  may be moved t o  t h e i r  
f i n a l  p o s i t i o n s .  The sys tem c o n t i n u e s  and f i n d s  t h e  p a t h  
f o r  t h e  jaws t o  move A t o  i t s  f i n a l  p o s i t i o n ,  t h e n  B t o  i t s  
f i n a l  p o s i t i o n ,  and f i n a l l y  C t o  i t s  f i n a l  p o s i t i o n .  The l a s t  
segment o f  t h e  p a t h  d i r e c t s  t h e  jaws t o  move t o  t h e i r  
f i n a l  p o s i t i o n .  (For  f u r t h e r  examples,  t h e  r e a d e r  i s  
r e f e r r e d  t o  Chapter  V I I I . )  
Preview o f  t h e  Kemainder o f  Th i s  Thes i s  
-C- -- 
The n e x t  c h a p t e r  c o n t a i n s  an e x p l a n a t i o n  o f  an 
A N ~ J  TREE,  what some of i t s  p r o p e r t i e s  a r e ,  and how i t  can 
be used t o  o r d e r  t h e  s u b - a c t i v i t i e s  o f  a  g e n e r a l  a c t i v i t y .  
Chap t e r s  I 1 1  and I V  c o n t a i n  comments abou t  t h e  lower l e v e l  
sys tem,  t h e  s h o r t e s t  p a t h  a l g o r i t h m ,  and t h e  p a r t i c u l a r  
implementa t ions  used  f o r  t h i s  work. Also i nc luded  i n  
Chapter  I V  a r e  d e s c r i p t i o n s  o f  t h e  r e s t r i c t i o n s  on t h e  demon- 
s t r a t i o n  sys tem and o u t l i n e s  o f  some b a s i c  man ipu l a t i on  s i t u a -  
t i o n s .  Chapter  V d e s c r i b e s  some o f  t h e  s i t u a t i o n s  i n  which 
t h e  sys tem w i l l  f a i l  t o  f i n d  s o l u t i o n s ,  e x p l a i n s  why i t  f a i l s ,  
and s u g g e s t s  remedies  t o  overcome t h e  f a i l u r e s .  I t  a l s o  
i n c l u d e s  e x p l a n a t i o n s  of  how t h e  sys tem f i n d s  s o l u t i o n s  
( i f  s o l u t i o n s  e x i s t  !) of  e x p l i c i t l y  d e f i n e d  t a s k  types .  
Chapter  VI d e s c r i b e s  t h e  a b i l i t y  of  t h e  p r e s e n t l y  imple-  
mented system t o  d iagnose  f a i l u r e s .  I t  a l s o  g i v e s  a  b r i e f  
o u t l i n e  o f  t h o s e  d i a g n o s t i c  a i d s  which cou ld  be added. 
Chapter  VII c o n t a i n s  a  colnparison o f  t h e  advan tages  
of  u s ing  t h r e e  proposed sys tems:  
1 )  A f u l l  o p t i n l i z a t i o n  s o l u t i o n  of  t h e  e n t i r e  problem. 
2 )  The OK TREE method proposed by Whitney. 
3) The sys tem d e s c r i b e d  i n  t h i s  t l l e s i s .  
The f i n a l  c h a p t e r s  c o n t a i n  examples o f  t a s k s  t n i s  sys tem 
has  s o l v e d ,  fo l lowed  by s u g g e s t i o n s  o f  s p e c i f i c  problems 
t h a t  need f u t u r e  work and t h e  conc lu s ions .  Appendix C 
d e s c r i b e s  t h e  i n p u t / o u t p u t  f o rma t s  r e q u i r e d  by t h e  program, 
and Appendix b c o n t a i n s  a  h igh  l e v e l  f low c h a r t  o f  t h e  
demons t r a t i on  system. 
Chapter  I 1  Bas is  -- f o r  . T h i s  System 
The b a s i s  of  t h i s  t h e s i s  i s  t o  use an AhU TREE on 
which a r e  a r ranged  s e v e r a l  s imple  manipu la t ion  t a s k s  t o  r ep -  
r e s e n t  a  complex manipula t ion t a s k ,  The s o l u t i o n s  t o  t h e  
s imple  t a s k s  can be found us ing  a  s t a t e  space  system l i k e  
I h i t n e y l  s ,  31 and t h e  c h a r a c t e r i s  t i c s  of t h e  AHU TkLt. w i l l  
a s s u r e  t n a t  t h e  o r d e r  i n  which t h e  s imple  t a s k s  a r e  execu ted  
w i l l  be an o r d e r  which w i l l  g i ve  a  s o l u t i o n  t o  t n e  complex 
t a sk .  
In  t h i s  c h a p t e r  t h e  c i l a r a c t e r i s t i c s  o f  an Aiub T k k i ~ ,  i n -  
c lud ing  the  c h a r a c t e r i s t i c s  of  t he  t a s k s  t h a t  can be analyzed 
by an AAVLJ TRhk system, w i l l  be i n v e s t i g a t e d  and an o u t l i n e  of now 
the  Ah0 TlZEE can s o l v e  complex manipu la t ion  t a s k s  w i l l  be g iven ,  
C h a r a c t e r i s t i c s  o f  an AIGD TKEE 
---- 
An AND TREE i s  composed of nodes and edges.  For our  
purposes ,  t h e  nodes r e p r e s e n t  s u b - t a s k s ,  and t h e  edges con- 
n e c t  t h e  sub - t a sks .  Figure  11 i s  a  drawing of an AiUD TKLL. 
The AND TKEE looks  l i k e  t h e  f a m i l i a r  OK TKgE, o r  d e c i s i o n  
t r e e ,  b u t  i t  d i f f e r s  i n  t h a t  
1 )  a l l  branches  must be execu ted ,  and 
2 )  execu t ion  beg ins  a t  t h e  bottom of t h e  branches 
and proceeds  toward t h e  top  of t h e  t r e e .  
Because t h e r e  i s  a  d i r e c t i o n  of e x e c u t i o n  o f  t h e  nodes on 
t h e  t r e e ,  t h e  AND TREE can  o r d e r  t h e  e x e c u t i o n  o f  a  s e t  o f  
sub- t a s k s .  
To a i d  i n  t h e  f o l l o w i n g  d i s c u s s i o n ,  t h e  terms 
p r e d e c e s s o r  node,  s u c c e s s o r  node,  and b r o t h e r  node w i l l  be 
de f i ned .  k p r e d e c e s s o r  node i s  c l o s e r  t o  t h e  t o p  o f  t h e  
t r e e  and on t h e  same branch  a s  a  g iven  node. I n  f i g u r e  11, 
nodes 8 and 4  ( t h e  upper node 4) a r e  bo th  p r e d e c e s s o r s  o f  node 
10. A s u c c e s s o r  node i s  c l o s e r  t o  t h e  bottom o f  t h e  t r e e  
and on t h e  same branch a s  a  g i v e n  node. I n  f i g u r e  11, node 
11 i s  t h e  s u c c e s s o r  o f  nodes 8 and 4  ( t h e  upper node 4 ) .  
B ro the r  nodes have t h e  same immediate p r edeces so r .  I n  f i g u r e  
11, nodes 7 ,  8 ,  and 9 a r e  b r o t h e r s ,  b u t  nodes 6 and 7 a r e  
n o t  b r o t h e r s .  
The AND TREE i s  a  u s e f u l  way o f  s p e c i f y i n g  i n  v a r y i n g  
amounts o f  d e t a i l ,  any a c t i v i t y  which can  be d i v i d e d  i n t o  
s u b - a c t i v i t i e s .  The TREE p r o v i d e s  a  s t r u c t u r e  which can 
s p e c i f y  h i e r a r c h i c a l  r e l a t i o n s h i p s .  I t  a l s o  can keep l is ts  
of  s u b - a c t i v i t i e s  t h a t  have no h i e r a r c h i c a l  r e l a t i o n s h i p .  
And i t  can be used i n  s i t u a t i o n s  where t h e  h i e r a r c h i c a l  r e l a -  
t i o n s h i p s  between some s u b - a c t i v i t i e s  a r e  impor t an t  and o t h e r  
s u b - a c t i v i t i e s  have  no i m p o r t a n t  h i e r a r c h i c a l  r e l a t i o n s h i p  
t o  one a n o t h e r .  To i l l u s t r a t e ,  c o n s i d e r  t h e  ANil TKEE shown 
i n  f i g u r e  11 ( d i s r e g a r d  t h e  lower  s u b - t a s k s  2  and 4 ) .  Sub- 
t a s k s  1 0 ,  11, 1 2 ,  and 1 3  can be  e x e c u t e d  i n  any o r d e r ,  b u t  
a l l  of  them must be e x e c u t e d  p r i o r  t o  s u b - t a s k  8. 
The f a m i l i a r  d a t a  s t r u c t u r e  t h a t  does  t h e  same 
job a s  t h e  ANU TREE i s  t h e  PEKT c h a r t .  The PERT c h a r t  i s  
a  g raph ,  b u t  n o t  a  t r e e  a s  i t  g e n e r a l l y  c o n t a i n s  t o o  many 
edges .  A graph which c o n t a i n s  n  noues  i s  d e f i n e d  t o  be a  
t r e e  if t h e  graph i s  connec ted  and i f  t h e r e  a r e  n - 1  edges .  
A t r e e  must c o n t a i n  a t  l e a s t  two nodes.  ? 'here h a s  been much 
w r i t t e n  a b o u t  PEKT c h a r t s ,  b o t h  t h e o r y  and use .  See,  f o r  
example, ~ r c h i b a l d '  and S h a f f e r  e t  a l .  26 
The A N U  TREE i s  a s p e c i a l  c a s e  o f  a  graph.  There a r e  
s e v e r a l  books on g raphs  which have some s e c t i o n s  devo ted  t o  
t h e  c h a r a c t e r i s t i c s  o f  t r e e s .  The i n t e r e s t e d  r e a d e r  i s  r e -  
f e r r e d  t o  ~ e r ~ e , ~  o r  t h e  NASA T e c h n i c a l  Repor t  32-1413 4 
which i s  a  d e t a i l e d  review o f  t h e  l i t e r a t u r e  a v a i l a b l e  
on g raphs .  
The OK TKEE can a l s o  s p e c i f y  t h e  o r d e r  i n  which sub-  
t a s k s  a r e  t o  be  e x e c u t e d .  But ,  because  o n l y  one b ranch  o f  an  
O R  TKEk i s  e x e c u t e d ,  a l l  s u b - t a s k s  must be on a l l  branches .  
The OK TREE w i t h  a l l  p o s s i b l e  p e r m u t a t i o n s  o f  n s u b - t a s k s  
n o  (n!) 
o f  a  complex t a s k  h a s  n !  b ranches  and n  nodes.  
7/ ki-1)q  
i=l 
An ANU TREE, on t h e  o t h e r  hand,  need  have on ly  n  nodes 
"+' o r  fewer  b ranches .  and - 
2 
To be ana lyzed  by t h e  sys tem,  a  complex t a s k  must be 
made up o f  s p e c i f i c  s u b - t a s k s ;  t h a t  i s ,  t h e  s u b - t a s k s  must 
r e q u e s t  an a c t i o n  be performed on o r  w i t h  a s p e c i f i c  o b j e c t ,  
o r  a t  a  s p e c i f i c  l o c a t i o n .  An example o f  a  s p e c i f i c  tasK i s  
"Move o b j e c t  A t o  p o s i t i o n  X." An example o f  a  n o n - s p e c i f i c  
t a s k  i s  "Move an ob j ec t . "  I f  t h i s  r equ i rement  i s  n o t  met ,  
t he  sys tem canno t  d e t e c t  l oops  i n  t h e  t a s k  s t r u c t u r e  ( loop  
d e t e c t i o n  w i l l  be d i s c u s s e d  l a t e r  i n  t h i s  c h a p t e r ) .  
A second requ i rement  a  complex t a s k  must meet i s  
t h a t  t h e  system must be a b l e  t o  f i g u r e  o u t  how t o  perform 
t h e  s u b - t a s k s  o f  t h e  complex t a s k ,  o r  t h a t  t h e  sys ter r~  be 
pre-programmed t o  pe r fo rm t h e  s u b - t a s k s .  Also ,  t h e  sys tem 
cou ld  break t h e  s u b - t a s k s  up i n t o  s u b - s u b - t a s k s ,  e t c .  ~ u t  
a t  some p o i n t  t h e  sys tem must know, o r  be a b l e  t o  f i g u r e  o u t ,  
how t o  perform t h e  sub - t a sks .  
The a b i l i t y  t o  ana lyze  s u b - t a s k s  must i n c l u d e  t h e  
a b i l i t y  t o  de te rmine  i f  a n o t h e r  s u b - t a s k  shou ld  be p e r -  
formed p r i o r  t o  t h e  s u b - t a s k  whose e x e c u t i o n  i s  be ing  con- 
templa ted .  The sys tem must have t h i s  a b i l i t y  i f  i t  i s  t o  
f i g u r e  o u t  t h a t  t h e  o r d e r  i m p l i e d  by t h e  d i r e c t i o n  o f  
e x e c u t i o n  o f  b r o t h e r  t a s k s  on t h e  AND TKEE i s  n o t  t h e  one 
t h a t  w i l l  a c h i e v e  t h e  r e q u e s t e d  complex t a s k .  To u s e  t h i s  
i n f o r m a t i o n  t h e  sys tem must be  a b l e  t o  add s u b - t a s k s  t o  
t h e  AND TKEE, 
A t h i r d  r e q u i r e m e n t  of  complex t a s k s  i s  t h a t  t h e  
s u b - t a s k s ,  when e x e c u t e d  one - - - -  a t  a  t ime  i n  some o r d e r ,  
w i l l  g i v e  a  s o l u t i o n  t o  t h e  complex t a s k .  This  r e q u i r e -  
ment e l i m i n a t e s  t h o s e  complex t a s k s  whose s o l u t i o n  r e -  
q u i r e s  t h a t  two o r  more s u b - t a s k s  be e x e c u t e d  a t  t h e  
same t ime.  An example o f  s u c h  a  t a s k  i s  one t h a t  r e q u i r e s  
a s sembl ing  a s p r i n g  loaded  mechanism, One t y p i c a l l y  has  
t o  compress t h e  s p r i n g ,  p u t  a  p l a t e  i n  p l a c e ,  and i n s e r t  
and s t a r t  two o r  t h r e e  b o l t s ,  The s p r i n g  must be  h e l d  i n  
p l a c e  w h i l e  t h e  l a s t  two s u b - t a s k s  a r e  e x e c u t e d ;  two sub-  
t a s k s  must be e x e c u t e d  s i m u l t a n e o u s l y .  
A g e n e r a l  ANU TREE sys tem would work i n  t h e  f o l l o w i n g  
way. A l l  s u b - t a s k s  t h a t  a r e  e x p l i c i t l y  r e q u e s t e d  a r e  p u t  on 
an AUL, TREE. Then t h e  sys tem e i t h e r  b r e a k s  t h e  t a s k s  i n t o  
s u b - t a s k s  o r  f i g u r e s  o u t  how t o  perform them. G e n e r a l l y ,  
t h e  sys tem w i l l  d i s c o v e r  t h a t  one o r  more o t h e r  s u b - t a s k s  
must be  performed b e f o r e  t h e  r e q u e s t e d  t a s k  can  be performed.  
The sys tem then  p u t s  t h e s e  o t h e r  s u b - t a s k s  on t h e  Aib TKkL, 
p r i o r  t o  t h e  t a s k  whose e x e c u t i o n  was p lanned.  
The sys tem c o n t i n u e s ,  t r y i n g  t o  e x e c u t e  t h e  sub-  
t a s k s  a t  t h e  bottom of  t h e  AND TREE. When a  s u b - t a s k  can be 
execu t ed  (w i thou t  r e q u i r i n g  t h e  e x e c u t i o n  o f  any o t h e r  sub-  
t a s k )  t h a t  branch o f  t h e  t r e e  i s  t e rmina ted .  The above 
sequence i s  c o n t i n u e d  u n t i l  a l l  b ranches  a r e  t e r m i n a t e d ,  
This  w i l l  be demons t ra ted  i n  an example t o  fo l low.  
Bes ides  t h e  branch t e r m i n a t i o n  where t h e  t a s k  can 
be performed,  t h e r e  a r e  two o t h e r  p o s s i b i l i t i e s  f o r  t e rmi -  
n a t i o n .  The f i r s t  i s  a  c a s e  i n  which a  t a s k  i s  imposs ib l e  
t o  perform. I n  t h e  ca se  i n  which t h e  imposs ib l e  t a s k  i s  
e x p l i c i t l y  r e q u e s t e d  by t h e  o p e r a t o r ,  t h e  sys tem w i l l  i n -  
form t h e  o p e r a t o r  t h a t  t h e  t a s k  i s  imposs ib l e .  F igu re  1 0  
i s  an example of  an  imposs ib l e  two d imens iona l  t a s k .  In  t h e  
c a s e  where t h e  imposs ib l e  t a s k  i s  g e n e r a t e d  by t h e  sys tem,  t h e  
system w i l l  t r y  t o  f i n d  o t h e r  t a s k s  t h a t  can be performed 
which, when execu t ed ,  a l l ow  t h e  t a s k  r e q u e s t e d  by t h e  ope ra -  
t o r  t o  be performed. 
The o t h e r  p o s s i b i l i t y  f o r  t e r m i n a t i o n  o f  an A L ~ D  TREE 
branch occu r s  when t h e  sys tem d e t e c t s  a  t a s k  loop.  The 
-
ANU TREE g i v e s  one t h e  o p p o r t u n i t y  t o  d i s c o v e r ,  q u i t e  e a s i l y ,  
Task: mwe A t o  X 
An impossible two dimensional task 
Figure 10 
i f  an a c t i v i t y  i s  i t s  own p redeces so r .  I n  t h e  c a s e  where 
an a c t i v i t y  is i t s  own p r e d e c e s s o r ,  e i t h e r  immediately o r  
s e v e r a l  p r e d e c e s s o r  nodes up t h e  t r e e ,  t h e r e  is s a i d  t o  be 
a loop i n  t h e  a c t i v i t y  s t r u c t u r e  ( t h a t  i s ,  on t h e  TKEE). 
Figure  11 shows an AiiU TKEE w i t h  two loops .  The a b i l i t y  t o  
d e t e c t  l oops  e a s i l y  i s  v a l u a b l e  a s  t h e  number o f  sub-  
a c t i v i t i e s  i n  a  complex a c t i v i t y  may be v e r y  l a r g e .  
The concep t  o f  how a t a s k  loop  i s  g e n e r a t e d  and de- 
t e c t e d  i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  example. 
The system i s  r e q u e s t e d  t o  perform 
t a s k  # O  ( i t  does n o t  m a t t e r  what 
t a s k  # O  i s ) .  Task # O  i s  p u t  on 
t h e  f i r s t  l e v e l  o f  t h e  ANU TREE. 
In  p l ann ing  t o  e x e c u t e  t h i s  t a s k ,  t h e  system f i n d s  t h a t  t h e  
b e s t  t h i n g  t o  do i s  t o  f i r s t  p e r -  
form t a s k  #1. Task #1 is  t hen  p u t  
on t h e  ANU TREE p r i o r  t o  t a s k  # O D  
The sys tem now p l a n s  t o  pe r fo rm 
t a s k  #1. I t  f i n d s  t h a t  t h e  cheap-  
e s t  way t o  execu t e  t h i s  t a s k  i s  t o  f i r s t  perform t a s k  # O .  The 
sys tem t h e n  p u t s  t a s k  # O  on t h e  
ANU TREE p r i o r  t o  t a s k  4 1 .  There 
now h a s  developed a t a s k  l oop ,  a s  
a  t a s k  i s  i t s  own p redeces so r .  
An AND TREE 
All branohes must be executed 
Loops are shmn involving tasks 2 and 4 
To s t o p  t h e  sys tem from forming t h e  same t a s k  loop 
a g a i n ,  a  s p e c i a l  n o t e  i s  added t o  t h e  t a s k  (on t h e  TASK 
TKEE) t h a t  comes j u s t  b e f o r e  t h e  second i n s t a n c e  o f  t h e  
t a s k  which c o n s t i t u t e d  t h e  loop ( t h e  n o t e  i s  added t o  
t a s k  #1 i n  t h i s  c a s e ) .  Th i s  n o t e  s a y s  t h a t  when t h e  env i ron -  
ment i s  i n  t h e  p r e s e n t  c o n f i g u r a t i o n  (which must be remem- 
b e r e d ) ,  i t  c o s t s  an i n f i n i t e  amount t o  perform t a s k  # D  
when p l ann ing  t o  pe r fo rm t a s k  #1. I f  t h e r e  is  no a l t e r n a -  
t i v e  t o  a  loop ,  t h e  sys tem w i l l  respond t h a t  t h e  t a s k  r e -  
q u e s t e d  i s  imposs ib l e  ( c o s t s  an i n f i n i t e  amount t o  perform).  
A s  an example o f  how t h e  sys tem d e t e c t s  loops  when 
performing an a c t u a l  t a s k ,  c o n s i d e r  t h e  t a s k  d e p i c t e d  i n  
f i g u r e  12. A s  shown, t h e  r e q u e s t e d  t a s k  i s  imposs ib le .  The 
system d e c i d e s  t h i s  i n  t h e  fo l l owing  manner. 
F i r s t  t h e  sys tem p l a n s  t o  move A t o  X. I t  f i n d s  
t h a t  f i r s t ,  B must be moved. (How t h e  sys tem f i n d s  t h i s  w i l l  
be d i s c u s s e d  i n  Chapter  I V . )  So i t  p l a n s  t o  move B t o  an 
Out o f  t h e  Way P lace .  I n  making t h i s  p l a n ,  t h e  sys tem f i n d s  
t h a t  A must f i r s t  be moved. The sys tem now d i s c o v e r s  t h a t  
t h i s  ANU TKEE has  a  loop  by f i n d i n g  t h a t  t h e  t a s k  j u s t  
added i s  i t s  own p redeces so r .  (Move A - Move l.3 - Move A ) .  
The sys tem then  makes a  n o t e  t h a t  when t h e  environment i s  
i n  i t s  p r e s e n t  c o n f i g u r a t i o n  A shou ld  be c o n s i d e r e d  a  f i x e d  
Impossible two dimensional task deinonrr%ratiw 
a task loop 
Tasks move A to X 
Figure 12 
o b j e c t  when p l a n n i n g  t o  move B. When t h e  sys tem p l a n s  t o  move 
B o u t  o f  t h e  way t h e  n e x t  t i m e ,  i t  f i n d s  t h a t  t h e  s u b - t a s k  
is  i m p o s s i b l e ,  and hence ,  t h a t  moving A i s  i m p o s s i b l e .  
The TASK TREE 
--- 
For  t h e  p u r p o s e s  o f  t h i s  t h e s i s ,  t h e  MU TREE w i l l  
be r e f e r r e d  t o  a s  t h e  TASK TREE. An example o f  a 'I'ASK TKEE 
i s  shown i n  f i g u r e  14. To show i t s  u s e f u l n e s s ,  l e t  us  con- 
s i d e r  t h e  f o l l o w i n g  example. Suppose we have  t h e  s i t u a t i o n  
shown i n  f i g u r e  13. The l e t t e r e d  o b j e c t s  a r e  movable b l o c k s .  
The t a s k  a s s i g n e d  i s  t o  move b l o c k  A t o  p o s i t i o n  X. T h i s  i s  
a  two d imens iona l  problem, and o b j e c t s  can be  moved o n l y  one 
a t  a  t ime.  
The s o l u t i o n  i s  t o  move o b j e c t s  B and C o u t  o f  t h e  way, 
and then  move A t o  X. 'i'he sys tem d i s c o v e r s  t h a t  B and C must 
be moved o u t  o f  t h e  way, g e n e r a t e s  t h e  s u b - t a s k s  t o  r e q u e s t  
t h i s ,  and p u t s  t h e  s u b - t a s k s  on t h e  TASK TREE p r i o r  t o  t h e  
s u b - t a s k  t o  move A t o  X. The comple te  TASK TKEE f o r  t h e  t a s k  
r e q u e s t  i s  shown i n  f i g u r e  14. 
If  t h e r e  were o t h e r  o b j e c t s  encumbering t h e  motion 
of  B and C ,  t h e n  r e q u e s t s  t o  move them t o  Q u t  o f  t h e  Way 
P l a c e s  would be shown on t h e  TASK TKEE p r i o r  t o  t h e  r e q u e s t s  
t o  move B and C ( j u s t  a s  t h e  r e q u e s t s  t o  move B and C a r e  
Task8 move A t p  X 
Figure 13 
TASK TRdE f o r  t a s k  shown i n  f i g u r e  13 
Move ob jec t  A t o  p o s i t i o n  X 




Move 3 out  of t h e  way 
TASK zFHi3d and I n t e r p r e t i v e  List a r e  the  same as 
TA3K THdd i n  f i g u r e  14 
Move C out  of t h e  way 
Figure 15-a 
I n t e r p r e t i v e  ~ i s t  
Task #1 move A t o  
Task #2 move I3 out of 
the way 
Task #3 move C out  of 
the  way 
p r i o r  t o  t he  r e q u e s t  t o  move A). 
For ea se  o f  o p e r a t i o n  i n  t h e  proposed system, t h e  
t a s k s  a r e  given number codes - - t a sk  $1, t a s k  t 2 ,  e t c ,  These 
numbers a r e  p u t  on t h e  TASK TKEE, and an i n t e r p r e t i v e  
l i s t  i s  made t e l l i n g  which t a s k  corresponds t o  which number. 
This  l i s t  can be r e f e renced  from e i t h e r  a t a s k  number o r  a  
t a s k  name, The TASK TKEE shown i n  f i g u r e  15-a wi th  t h e  
i n t e r p r e t i v e  l i s t  o f  f i g u r e  15-b is t h e  e q u i v a l e n t  of  t h e  
TASK TKEE o f  f i g u r e  14. 
The p a r t  o f  t h e  TASK TREE system t h a t  d e t e c t s  f a i l u r e s  
can be f a i r l y  s imple .  Manipulat ion t a s k s  ( i n  which we a r e  
i n t e r e s t e d )  a r e  r eques t ed  by s p e c i f y i n g  a  goa l  s t a t e  which 
d i f f e r s  from a given i n i t i a l  s t a t e .  To determine i f  i t  has  
f a i l e d  t o  s o l v e  t h e  reques ted  manipula t ion  t a s k ,  t he  TASK 
TREE system on ly  has  t o  compare the  f i n a l  s t a t e  of  i t s  i n -  
t e r n a l  model t o  t h e  reques ted  goa l  s t a t e .  
A TASK TREE is  a  workable way o f  making p l ans  f o r  
complex t a s k s  t h a t  c o n s i s t  of many sub - t a sks .  I t  can  s t o r e  
( i n  an o r d e r l y  manner t h a t  a l l ows  computer p roces s ing )  t h e  
important  a s p e c t  of t h e  t a s k  t h a t  we need f o r  making p l ans  
f o r  performing l a r g e ,  complex tasks--which t a s k s  must be 
performed be fo re  o t h e r  t a s k s .  A TASK TREE can main ta in  c o s t  
i n f o r m a t i o n  a b o u t  a l l  t a s k s  s o  one can  know n o t  o n l y  t h e  
o r d e r  t o  pe r fo rm t a s k s ,  b u t  a l s o  how much t h e y  w i l l  c o s t .  
The TASK TREE sys tem must b e  a b l e  t o  r e q u e s t  s o l u -  
t i o n s  t o  s i m p l e  t a s k s  from a  lower  l e v e l  sys tem i t  s u p e r -  
v i s e s ,  by g i v i n g  t h e  lower  l e v e l  sys tem t h e  i n f o r m a t i o n  i t  
needs  t o  f i n d  t h e  s o l u t i o n s  t o  t h e  s i m p l e  t a s k s .  T h i s  
h i g h e r  l e v e l  s y s  tem does n o t  know a n y t h i n g  a b o u t  t h e  n a t u r e  
o f  t h e  t a s k s  i t  is  p r o c e s s i n g ;  i t  i s  concerned on ly  w i t h  
a b s t r a c t i o n s .  I t  o n l y  knows a b o u t  t h e  TKEE, t h e  names, 
a s  i t  were,  f o r  t h e  s i m p l e  t a s k s  on t h e  TREE,  and whether  
t h e  lower  l e v e l  sys tem f i n d s  s o l u t i o n s  f o r  t h e  s i m p l e  t a s k s .  
The TASK TKEE s t r u c t u r e  a l l o w s  a  computer t o  d e t e r -  
mine if t h e r e  a r e  any l o g i c a l  t a s k  l o o p s  i n  t h e  t r e e .  T h i s  
a b i l i t y  t o  d e t e c t  l o o p s  g i v e s  t h e  u s e r  c o n f i d e n c e  t h a t  t h e  
sys tem w i l l  n o t  pe r fo rm a  l a r g e  number o f  t a s k s  b e f o r e  an  
o p e r a t o r  d i s c o v e r s  i t  i s  i n  a  loop.  
Also ,  t h e  TASK TKEE s t r u c t u r e  a l l o w s  f o r  dynamic grow- 
i n g  and s h r i n k i n g .  I t  i s  n o t  l i m i t e d  t o  any p a r t i c u l a r  number 
o r  t y p e  o f  t a s k s .  "Given a  l a r g e r  computer. . .  . 11  
Chapter  I11  S h o r t e s t  - P a t h  Algor i thms  
This  c h a p t e r  i s  an  e x p l a n a t i o n  o f  t h e  s h o r t e s t  
p a t h  a l g o r i t h m s  used  i n  t h e  d e m o n s t r a t i o n  system. The 
r e a d e r  who is  n o t  i n t e r e s t e d  i n  t h e  d e t a i l e d  workings o f  
t h e s e  a l g o r i t h m s  may go t o  t h e  n e x t  c h a p t e r  w i t h  no l o s s  
o f  c o n t i n u i t y .  
Before beg inn ing  t h e  e x p l a n a t i o n s  o f  t h e  a l g o r i t h m s ,  
some t e rms  which w i l l  a i d  i n  t h e  d i s c u s s i o n s  need t o  be  de- 
f i n e d .  The a l g o r i t h m s  w i l l  u s u a l l y  beg in  from one p o i n t ,  
t h e  s t a r t .  I n  a  s t a t e  s p a c e ,  t h e  s t a r t i n g  p o i n t  i s  t h e  
-
s t a t e  ( p o i n t )  t h a t  r e p r e s e n t s  t h e  c u r r e n t  c o n f i g u r a t i o n  o f  
t h e  p h y s i c a l  s p a c e .  L ikewise ,  t h e  f i n i s h  i s  t h e  p o i n t  t o  which 
t h e  a l g o r i t h m s  w i l l  f i n d  a  p a t h .  In  a  s t a t e  s p a c e ,  t h e  f i n -  
-
i s h i n g  p o i n t  i s  t h e  g o a l  s t a t e  ( p o i n t )  t h a t  r e p r e s e n t s  t h e  de-  
s i r e d  c o n f i g u r a t i o n  o f  t h e  p h y s i c a l  s p a c e .  
To expand a  p o i n t  i n  t h e  s t a t e  s p a c e  i s  t o  i n v e s t i -  
g a t e  t h e  t o t a l  c o s t  t o  g e t  from t h e  s t a r t  t o  each o f  t h i s  
p o i n t ' s  n e i g h b o r s  w i t h  t h e  p a t h  i n c l u d i n g  t h i s  p o i n t  a s  t h e  
immedia te ly  p r e c e d i n g  p o i n t .  That  i s ,  t h e  l a s t  two s e c t i o n s  
o f  t h e  f low c h a r t ,  f i g u r e  1 6 ,  a r e  t h e  "expansion o f  a  p o i n t . "  
(Note t h a t  i t  i s  n o t  p o s s i b l e  t o  g e t  from each  p o i n t  i n  t h e  
s t a t e  s p a c e  t o  a l l  o t h e r  p o i n t s  i n  one s t e p .  I n  a  two dimen- 
s i o n a l  s p a c e  w i t h  a  r e c t a n g u l a r  g r i d  o f  p o i n t s  i n  one s t e p  
i t  would be p o s s i b l e  t o  g e t  from one p o i n t  o n l y  t o  i t s  f o u r  
n e a r e s t  n e i g h b o r s  (no d i a g o n a l  t r a n s i t i o n  is a l lowed) .  T h i s  
implementa t ion  of t h e  a l g o r i t h m s  c o n s i d e r s  o n l y  t h e  p o s s i b i l i t y  
o f  t r a n s i t i o n s  from a  p o i n t  t o  i t s  n e a r e s t  n e i g h b o r s ,  however, 
t h e  d e s c r i p t i o n s  o f  t h e  a l g o r i t h m s 1  p r o p e r t i e s  w i l l  be g e n e r a l  
s o  t h a t  t h e  r e a d e r  can  a p p l y  t h e s e  a l g o r i t h m s  t o  c a s e s  i n  which 
t r a n s i t i o n s  a r e  p o s s i b l e  t o  o t h e r  than  t h e  n e a r e s t  n e i g h b o r s . )  
The f r o n t  i s  t h e  s e t  of  p o i n t s  t o  which t h e  a l g o r i t h m  has  
found a t  l e a s t  one' p a t h ,  b u t  h a s  n o t  y e t  d e c i d e d  t h a t  i t  has  
found t h e  c h e a p e s t  p a t h .  That  i s ,  t h e  p o i n t s  on t h e  f r o n t  
a r e  n e i g h b o r s  o f  p o i n t s  t h a t  have been expanded,  b u t  t h e y  
( t h e  p o i n t s  on t h e  f r o n t )  have n o t  y e t  been "c losed."  To 
c l o s e  a  p o i n t  i s  t o  s e t  a  f l a g  t h a t  i n d i c a t e s  t h a t  t h e  cheap- 
e s t  p a t h  t o  t h i s  p o i n t  h a s  been found,  and t h e r e  i s  no u s e  
t r y i n g  t o  f i n d  o t h e r s .  The c o s t  of a  p o i n t  i s  d e f i n e d  a s  t h e  
- - -  
c o s t  t o  g e t  from t h e  s t a r t  t o  t h e  p o i n t .  S i m i l a r l y ,  t h e  c o s t  
-
o f  t h e  f r o n t  i s  t h e  c o s t  t o  g e t  from t h e  s t a r t  t o  t h e  l o w e s t  
--
c o s t  p o i n t  on t h e  f r o n t .  
F looding Algor i thm 
The b a s i c  f low c h a r t  f o r  t h e  f l o o d i n g  a l g o r i t h m  i s  
shown i n  f i g u r e  16. The f low c h a r t  i s  comple te ,  e x c e p t  f o r  
t h e  v a r i o u s  t e r m i n a t i o n  c o n d i t i o n s  we w i l l  want t o  u t i l i z e .  
FLOODING ALGOHIYBW: 
Basic Flow Chart  
S t a r t  a t  the  designated po in t  
I 
* 
But t h i s  po in t  on the  "front1I l i s t  (a l i s t  t h a t  
conta ins  a l l  po in t s  of t h e  " f r o n t v  arranged s o  t h a t  
the  cheapest  one is qu ick ly  a c c e s s i b l e ,  t i e s  a r e  
resolved a r b i t r a r i l y ) .  
r 
Is the " f r o n t H  l i s t  empty? Yes >Zxi t 
I 
44 Take t h e  cheapest  poin t  o f f  the  l t f ron tu  l i s t ,  and 
mark t h e  p o i n t  vclosed.fl  
I 
Generate a l t s t  of This P o i n t ' s  neighbors. 
I 
Is the  l i s t  of neighboring p o i n t s  empty? 
yes 
+ Take a new po in t  of f  the  neighboring p o i n t  list. 
C a l l  it the  Presen t  Location. 
Calcula te  the  c o s t  of a pa th  t o  g e t  t o  the  Present  
Location with This Poin t  as t he  immediately 
preceeding p o i n t  on the  path.  
I + Is the  c o s t  of t h i s  pa th  t o  t h e  Present  Location 
l e s s  than  any previously computed path? 
A .  Replace t he o ld  c o s t  wi th  t h e  new cos t .  
B. Replace the  po in t  t o  have come from t o  g e t  t o  
t h e  Fresent  Location wi th  This Poin t .  
C. Put the  P resen t  Location on t h e  " f ront f1  l is t .  
I 
Figure 16 
These t e r m i n a t i o n  c o n . d i t i o n s  w i l l  be added a s  t h e y  a r e  
d i s c u s s e d .  
?'he p o i n t  we choose t o  expand e a c h  t ime  is  t h e  l o w e s t  
c o s t  p o i n t  on t h e  f r o n t .  Uoing t h i s  g u a r a n t e e s  us  t h e  f o l -  
lowing r e l a t i o n :  t h e  c o s t  t o  g e t  t o  t h e  l o w e s t  c o s t  p o i n t  
on t h e  f r o n t  is  g r e a t e r  t h a n  o r  e q u a l  t o  t h e  c o s t  t o  g e t  t o  
any p o i n t  i n s i d e  t h e  f r o n t  ( i n s i d e  and o u t s i d e  t h e  f r o n t  a s  
d e f i n e d  below). T h i s  r e l a t i o n  h o l d s  because  we p r e v i o u s l y  
expanded and c l o s e d  t h e  p o i n t s  i n s i d e  t h e  f r o n t ,  hence t h e  
c o s t  t o  g e t  t o  them i s  l e s s  t h a n  o r  e q u a l  t o  ( i n  t h e  c a s e  o f  
t i e s )  t h e  c o s t  t o  g e t  t o  t h e  l o w e s t  c o s t  p o i n t  on t h e  f r o n t .  
There i s  a l s o  a n o t h e r  r e l a t i o n  we can use  t o  our  b e n e f i t :  
t h e  c o s t  t o  g e t  t o  any p o i n t  o u t s i d e  t h e  f r o n t ,  when found,  
w i l l  be g r e a t e r  t h a n  t h e  c o s t  t o  g e t  t o  t h e  lowes t  c o s t  
p o i n t  on t h e  f r o n t .  T h i s  r e l a t i o n  h o l d s  because  t h e  minimum 
c o s t  t r a n s i t i o n  from one p o i n t  t o  a n o t h e r  i s  g r e a t e r  t h a n  
z e r o ,  and t h e  p a t h  from t i le  s t a r t  t o  any p o i n t  o u t s i d e  t h e  
f r o n t  must i n c l u d e ,  when found,  a t  l e a s t  one member o f  t h e  
p r e s e n t  f r o n t .  These two r e l a t i o n s  c a n  be  summarized a s :  
The c o s t  t o  g e t  t o  any p o i n t  o u t s i d e  t h e  f r o n t ,  when found, 
w i l l  be g r e a t e r  t h a n  t h e  c o s t  t o  g e t  t o  t h e  l o w e s t  c o s t  p o i n t  
on t h e  f r o n t ,  which i s  g r e a t e r  than  o r  e q u a l  t o  t h e  c o s t  t o  
g e t  t o  any p o i n t  i n s i d e  t h e  f r o n t .  The f o l l o w i n g  example 
w i l l  c l a r i f y  t h e  c o n c e p t s  o f  " i n s i d e "  and "ou t s ide"  t h e  
f r o n t .  
The i n i t i a l  s i t u a t i o n  i s  a s  shown i n  f i g u r e  1 7 ,  e x -  
c e p t  t h a t  no p o i n t s  a r e  shown o t h e r  t h a n  t h e  s t a r t i n g  p o i n t  
and i t s  f o u r  n e a r e s t  n e i g h b o r s .  The o t h e r  p o i n t s  i n  t h e  
space  l i e  i n  t h e  same r e c t a n g u l a r  g r i d  p a t t e r n  a s  t h e  f i v e  
p o i n t s  shown, and e x t e n d  i n  a l l  d i r e c t i o n s .  
We w i l l  c a l l  t h e  c e n t e r  p o i n t  o f  f i g u r e  17 t h e  s t a r t -  
i n g  p o i n t  and s e t  i t s  c o s t  t o  zero .  Th i s  p o i n t  i s  now p u t  
on t h e  f r o n t  l i s t .  Th i s  i s  t h e  o n l y  p o i n t  on t h e  f r o n t .  
A l l  o t h e r  p o i n t s  i n  t h e  space  a r e  o u t s i d e  t h e  f r o n t .  I n -  
i t i a l l y ,  t h e  c o s t  t o  g e t  t o  t h e s e  p o i n t s  i s  i n f i n i t y ,  o r  some 
number l a r g e  enough s o  t h a t  a l l  n e c e s s a r y  r e l a t i o n s  w i l l  
ho ld .  (A good number i s  10 times a  maximum dimension of  t h e  
space  t imes  t h e  maximum t r a n s i t i o n  c o s t  i n  t h e  space .  For  
computer implementa t ions ,  t h e  l a r g e s t  p o s s i b l e  p o s i t i v e  number 
works v e r y  we l l . )  A t  t h i s  s t a g e ,  t h e r e  a r e  no p o i n t s  i n s i d e  
t h e  f r o n t .  
The c o s t  t o  make a  t r a n s i t i o n  from one p o i n t  t o  a n o t h e r  
must be  g r e a t e r  t h a n  zero .  For  conven ience ,  l e t  a l l  t r a n s i -  
t i o n  c o s t s  be i n t e g e r s ,  w i t h  t h e  minimum c o s t  t r a n s i t i o n  
b e i n g  one ( 1 ) .  
I n i t i a l  Stage 
Finding a pa th  through a space using the  
f looding  a lgor i thm 
S =  starting point  
g= t h i s  po in t  i s  on the front 
Figure 17  
Second Stage 
Findiny a path through a space using the 
f looding  a lgor i thm 
+ 
C =  t h i s  poin t  is  closed + 
We now p i c k  t h e  lowes t  c o s t  p o i n t  o f f  t h e  f r o n t  l i s t ,  
mark i t  c l o s e d  ( t h i s  i s  t h e  s t a r t i n g  p o i n t ;  t h e r e  can  b e  no 
cheaper  way t o  g e t  h e r e ) ,  and expand i t .  This  p o i n t ' s  n e i g n -  
bors  a r e  now on t h e  f r o n t  l i s t  ( t h e y  were p u t  t h e r e  by t h e  
a l g o r i t h m  a f t e r  i t  found t h e  p a t h s  and c o s t s ) .  The s i t u a t i o n  
i s  now as shown i n  f i g u r e  18. 
L e t  t h e  a l g o r i t h m  c o n t i n u e .  We p i c k  t h e  l o w e s t  c o s t  
p o i n t  o f f  t h e  f r o n t  ( r e s o l v e  t i e s  a r b i t r a r i l y ) .  Then we 
mark t h i s  p o i n t  a s  c l o s e d ;  i t s  c o s t  c a n n o t  d e c r e a s e .  L e t  
us  s e e  why t h i s  i s  so .  
The p o i n t s  i n  t h e  s p a c e  can  be  c l a s s i f i e d  a s  be long ing  
t o  one o f  t h r e e  s e t s :  p o i n t s  i n s i d e  t h e  f r o n t ,  p o i n t s  on t h e  
f r o n t ,  and p o i n t s  o u t s i d e  t h e  f r o n t .  L e t  u s  c o n s i d e r  t h e  
p o s s i b i l i t i e s  t h a t  a  lower  c o s t  p a t h  t o  t h i s  p o i n t  c o u l d  oe 
found. F i r s t ,  c o n s i d e r  a l l  t h e  p o i n t s  i n s i d e  t h e  f r o n t .  I n  
t h i s  c a s e  t h e r e  i s  o n l y  one p o i n t ;  and t h e  p a t h  i n c l u d e s  i t  
a s  one o f  t h e  two p o i n t s  on t h e  p a t h ,  (The p a t h  c o n s i s t s  o f  
t h i s  p o i n t  and t h e  s t a r t i n g  p o i n t . )  Hence, t h e r e  is  no need  
t o  r e c o n s i d e r  t h i s  a l t e r n a t i v e .  Next,  c o n s i d e r  t h e  p o i n t s  on 
t h e  f r o n t .  I n  p i c k i n g  t h e  l o w e s t  c o s t  p o i n t  on t h e  f r o n t  
(remember t h e  p o s s i b i l i t y  of t i e s ) ,  we g u a r a n t e e  t h a t  t h e  
c o s t  o f  a l l  o t h e r  p o i n t s  on t h e  f r o n t  i s  g r e a t e r  t h a n  o r  
e q u a l  t o  t h e  c o s t  t o  g e t  t o  t h i s  p o i n t .  Hence, any p a t h  t o  
t h i s  p o i n t  which i n c l u d e s  any o t h e r  p o i n t  on t h e  f r o n t  can-  
n o t  p o s s i b l y  be cheaper  t h a n  t h e  p a t h  t h a t  t h e  a l g o r i t h m  has  
p r e s e n t l y  s e t t l e d  on ( a l l  c o s t s  a r e  g r e a t e r  t han  0). 
F i n a l l y ,  t h e r e  a r e  t h e  p o i n t s  o u t s i d e  t h e  f r o n t .  We 
have n o t  y e t  found a  p a t h  t o  them from t h e  s t a r t ,  and t h e r e -  
f o r e  t h e  c o s t  t o  g e t  t h e r e  i s  p r e s e n t l y  i n f i n i t y .  However, 
when we do f i n d  a  p a t h  t o  e ach  o f  t h e s e  p o i n t s ,  t h e  c o s t  o f  
t h i s  p a t h  must be g r e a t e r  t h a n  o r  e q u a l  t o  t h e  c o s t  t o  g e t  
t o  t h e  l owes t  c o s t  p o i n t  on t h e  f r o n t  a s  t h e  p a t h  must i n c l u d e  
a t  l e a s t  one p o i n t  t h a t  i s  now on t h e  f r o n t .  Hence, any p a t h  
from t h e  s t a r t  t h a t  i n c l u d e s  one o f  t h e s e  p o i n t s  must be 
more expens ive  t h a n  t h e  p a t h  t o  t h e  l owes t  c o s t  p o i n t  on t h e  
f r o n t .  
To resume t h e  d i s c u s s i o n ,  w e  j u s t  p i cked  t h e  lowest  
c o s t  p o i n t  o f f  t h e  f r o n t  and marked i t  c lo sed .  We then  ex -  
pand t h e  f r o n t  t o  i n c l u d e  t h e  p o i n t s  we can g e t  t o  from t h i s  
p o i n t  where t h i s  p a t h  i s  cheape r  t han  any p r e v i o u s l y  com- 
pu ted .  The s i t u a t i o n  i s  now a s  shown i n  f i g u r e  19. 
ilow l e t  u s  examine t h e  s i t u a t i o n  i n  f i g u r e  19. There 
a r e  two c l o s e d  p o i n t s .  We have shown t h a t  we have found t h e  
c h e a p e s t  way t o  g e t  t o  them from t h e  s t a r t .  There a r e  a  number 
Third Stags 
Finding a path through a space using the 
flooding algorithm 
Figure 19 
of p o i n t s  on t h e  f r o n t  whose c o s t s  a r e  g r e a t e r  t han  o r  e q u a l  
t o  t h e  c o s t  t o  g e t  t o  any p o i n t  i n s i d e  t h e  f r o n t .  There a r e  
a l s o  t h e  p o i n t s  o u t s i d e  t h e  f r o n t ,  ( aga in  n o t  shown) and we 
know t h e  c o s t  t o  g e t  t o  any of  t h e s e  p o i n t s  i s  p r e s e n t l y  
i n f i n i t y .  
Now, we w i l l  p i ck  t he  lowes t  c o s t  p o i n t  on t h e  f r o n t ,  
and mark it c l o s e d ;  t h e  c o s t  t o  g e t  from the  s t a r t  t o  t h i s  
p o i n t  cannot  dec rease .  Again, we w i l l  pause t o  s e e  why 
t h i s  i s  so.  
?'here a r e  aga in ,  t h e  t h r e e  s e t s  of  p o i n t s :  p o i n t s  
i n s i d e  t h e  f r o n t ,  p o i n t s  on t h e  f r o n t ,  and p o i n t s  o u t s i d e  
t he  f r o n t .  There a r e  two p o i n t s  i n s i d e  t h e  f r o n t .  Each of  
them has  p r e v i o u s l y  been on t h e  f r o n t ,  and we have checked 
t h e  c o s t  t o  g e t  from each  o f  t h e i r  ne ighbors ,  through them, 
back t o  t h e  s t a r t ,  and r e t a i n e d  t h e  lowes t  c o s t  computed f o r  
each i n s t a n c e .  Hence, we have a l r e a d y  cons idered  a l l  t h e  
p o s s i b i l i t i e s  of  lowes t  c o s t  p a t h s  t h a t  a r e  p o s s i b l e  from 
p o i n t s  i n s i d e  t h e  f r o n t .  And we have r e t a i n e d  t h e  lowes t  
c o s t  o f  t he se .  There i s  no reason  t o  r e c o n s i d e r  t h e s e  p o s s i -  
b i l i t i e s .  I f  we do,  t h e  lowes t  c o s t  p a t h  we cou ld  p o s s i b l e  
f i n d  would be t h i s  p a t h ,  o r  p o s s i b l y  ano the r  p a t h  of  equa l  
c o s t .  This argument i s  g e n e r a l .  I t  a p p l i e s  when t h e r e  a r e  
any number of  p o i n t s  (more t han  zero)  i n s i d e  t h e  f r o n t .  
The arguments p r e v i o u s l y  g iven  a s  t o  why w e  canno t  
f i n d  a  lower c o s t  p a t h  from t h i s  p o i n t  t o  t h e  s t a r t  th rough  
any of t h e  p o i n t s  on o r  o u t s i d e  t h e  f r o n t  c o n t i n u e  t o  ho ld .  
(Note t h a t  t h e  p a t h  t o  t h e  l owes t  c o s t  p o i n t  on t h e  f r o n t  
can i n c l u d e  on ly  p o i n t s  i n s i d e  t h e  f r o n t . )  
Again, t o  resume t h e  e x p l a n a t i o n .  We j u s t  p i cked  
t h e  lowes t  c o s t  p o i n t  o f f  t h e  f r o n t  and marked i t  c lo sed .  
We then  expand t h e  p o i n t  and i n c r e a s e  t h e  f r o n t  l i s t  by t h e  
a d d i t i o n a l  p o i n t s  we can g e t  t o  from t h i s  p o i n t  i n  t h e  c a s e s  
where t h e  p a t h  found i s  cheaper  t han  any p r e v i o u s l y  computed. 
Now we can c o n t i n u e  expanding t h e  f r o n t ,  c o n f i d e n t  t h a t  i t  
i s  f i n d i n g  t h e  l owes t  c o s t  p a t h s  u n t i l  we r each  a  t e r m i n a l  
p o i n t ,  which t e r m i n a t e s  t h e  s e a r c h ,  
Terminat ion o f  t h e  Sea r ch  
The reason  f o r  u s i n g  t h i s  s e a r c h  t e chn ique  is i t s  
speed.  I t  f i n d s  t h e  s h o r t e s t  p a t h  t o  a  p o i n t  q u i c k l y  i f  
t h e  c o s t  o f  t h e  p a t h  t o  t h e  t e r m i n a l  p o i n t  i s  less than  t h e  
average  o f  t h e  c o s t s  o f  t h e  p a t h s  t o  a l l  t h e  p o i n t s  i n  t h e  
space .  
I n  t h e  c a s e  o f  a  s i n g l e  t e r m i n a l  p o i n t ,  t h e  s e a r c h  
t e r m i n a t e s  a f t e r  t h e  t e r m i n a l  p o i n t  i s  c lo sed .  The sequence  
o f  e v e n t s  f o r  t h e  a l g o r i t h m  is :  p i c k  t h e  l owes t  c o s t  p o i n t  
o f f  t h e  f r o n t  l i s t ,  mark i t  c l o s e d ,  and check t o  s e e  i f  i t  i s  
t h e  t e r m i n a t i o n  p o i n t .  I f  i t  i s ,  t h e  s e a r c h  i s  f i n i s h e d .  I f  
n o t ,  con t inue  t h e  normal way. 
When t h e r e  i s  a  s e t  of  p o s s i b l e  t e r m i n a l  p o i n t s  (we 
must f i n d  a  p a t h  t o  any one of t h e  s e t ,  t h e  OR c o n d i t i o n  of 
-
m u l t i p l e  t e r m i n a l  p o i n t s ) ,  t h e  t e r m i n a t i o n  c o n d i t i o n  i s  t h e  
same, excep t  t h a t  t h e  p roces s  t e r m i n a t e s  a s  soon a s  any one 
of t he  p o i n t s  of t h e  t e rmina l  s e t  i s  c losed .  See f i g u r e  20 .  
How a r e  we s u r e  t h a t  t h i s  g i v e s  u s  t h e  s h o r t e s t  p a t h  
t o  any of t h e  t e r m i n a l  s e t ?  The reason  i s  b a s i c a l l y  t he  same 
a s  t h a t  used t o  j u s t i f y  c l o s i n g  t h e  p o i n t .  The c o s t  t o  g e t  
t o  any open ( n o t  c l o s e d )  p o i n t s  i n  t h e  space w i l l  be g r e a t e r  
than o r  e q u a l  t o  t he  c o s t  t o  g e t  t o  t h i s  p o i n t .  And, a s  , 
t h i s  i s  t h e  f i r s t  p o i n t  of t h e  t e r m i n a l  s e t  t o  be c l o s e d ,  t h e  
c o s t  t o  g e t  t o  t h i s  p o i n t  i s  l e s s  t han  o r  equa l  t o  t h e  c o s t  
t o  g e t  t o  any o t h e r  p o i n t  of  t h e  t e r m i n a l  s e t .  
When t h e r e  i s  a  s e t  o f  r e q u i r e d  t e r m i n a l  p o i n t s  (we 
must f i n d  a  p a t h  t o  - a l l  o f  t h e  p o i n t s  o f  t h e  s e t ,  t h e  AND 
c o n d i t i o n  of m u l t i p l e  t e r m i n a l  p o i n t s ) ,  t h e  a lgo r i t hm t e rmi -  
n a t e s  on ly  a f t e r  a l l  p o i n t s  i n  t h e  s e t  have been c lo sed .  
See f i g u r e  20.  
2LOODIhG BLGOHITBM: 
Flow c h a r t  f o r  te rminat ion  wi th  a n  OR s e t  of 
te rminal  po in t s  
S t a r t  a t  the  d i s igna ted  p o i n t  ( s )  . 
I J/ 
Put  t h i s  ( t h e s e )  p o i n t ( s )  on the  l t f ront  l i s tOt t  
Is the  " f r o n t  l i s t t t  empty? Yes )drror e x i t :  
no path found I 
.L Take the  cheapest  po in t  o f f  the  " f r o n t  l is t t t  and mark 
i t  closed. 
JI Termination cond i t ion  ( s e e  f i g u r e  20-b) - 
e requirement 1 or  2 ;  e i t h e r  w i l l  l e a d  t o  
o r  
yes >Axit with path 
& Generate a l i s t  of t h i s  p o i n t ' s  neighbors. 
-
Is the  l i s t  of neighboring po in t s  empty? 
I 
Take a po in t  o f f  the  neighboring po in t  l i s t .  
Calcula te  the  c o s t  of a pa th  t o  g e t  t o  t h i s  neighboring 
p o i n t  wi th  t h i s  po in t  as the  immediately preceeding 
po in t  on the  path.  
- 
I 
Is the  c o s t  of t h i s  pa th  l e s s  than  any previous ly  
computed path? 
J. A .  Replace t h e  old c o s t  wi th  t h e  new c o s t .  
B. Replace the  po in t  t o  have come from wi th  t h i s  poin t .  
C .  Put t h i s  neighbor po in t  on t h e  " f ron t  l i s t a f t  
1. 
Figure 20-a 
1. i-iequirernent : must f i n d  a path t o  any one of 
s e v e r a l  po in t s .  
rerminat ion Condition: Is t h i s  poin t  ( j u s t  c losed)  
a te rminal .  point?- 
2.  Requirement: Yust f i n d  a p t h  t o  a l l  of seve ra l  
poin ts .  
Termination Condition: Is t h i s  poin t  ( j u s t  c losed)  
a te rminal  po in t?  
I 
1 Is t h i s  the  last yel 
one on the  l i s t ?  
Figure 20-b 
S t a r t i n g  From More 'i'han One P o i n t  
The f l o o d i n g  a l g o r i t h m  w i l l  work as d e s c r i b e d  p r e -  
v i o u s l y  when c o n s i d e r i n g  t h e  p o s s i b i l i t y  of  s t a r t i n g  from 
more t h a n  one p o i n t .  The o n l y  change i s  t h a t  t h e  a l g o r i t h m  
should  n o t  s e t  a l l  s t a r t i n g  p o i n t s '  c o s t  e q u a l  t o  z e r o ,  b u t  
shou ld  a l l o w  t h e  f l e x i b i l i t y  o f  d i f f e r e n t  p o s i t i v e  v a l u e s  
f o r  t h e  s t a r t i n g  c o s t s .  
An example w i l l  c l a r i f y .  A t  t h e  end o f  a  working day 
you want t o  go home. However, you have a  c h o i c e  a s  t o  where 
you w i l l  be when you f i n i s h  work, p o i n t s  A ,  B,  o r  C. iJue t o  
c i r cums t ances  o t h e r  t h a n  c l o s e n e s s  t o  home, you have p r e f e r -  
ence s  a s  t o  which o f  t h e s e  you would r a t h e r  be a t  when work 
ends.  For i n s t a n c e ,  i f  a t  t h e  end o f  work you a r e  a t  8, you 
w i l l  be a b l e  t o  spend on l y  10 minu t e s  t h e r e  when you would 
l i k e  t o  spend 15. For t h i s  inconven ience ,  l e t  u s  a s s i g n  a c o s t  
o f  s t a r t i n g  from il e q u a l  t o  5 u n i t s .  And s a y  a l s o  t h a t  t h e  
c o s t  of  s t a r t i n g  from A i s  10 u n i t s ,  and from C is 2 u n i t s .  
Now, i f  t h e  c o s t  t o  g e t  from A t o  home i s  20 u n i t s ,  from L3 t o  
home i s  2 4  u n i t s ,  and from C t o  home i s  29 u n i t s ,  a  r a t i o n a l  
d e c i s i o n  maker would p i c k  B a s  t h e  s t a r t i n g  p o i n t .  Iie would 
do t h i s  even i f  h i s  r o u t e  home t a k e s  him by A. (Note t h a t  
g iven  t h e  c o s t s ,  he shou l d  n o t  go by C on t h e  way home.) 
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T h i s  s i t u a t i o n  . i s  t h e  OK c o n d i t i o n  f o r  m u l t i p l e  s t a r t -  
i n g  p o i n t s .  The implementa t ion  o f  t h i s  c ~ n d i t i o n  is q u i t e  
e a s y .  C a l c u l a t e  t h e  c o s t  t o  s t a r t  a t  t h e  v a r i o u s  s t a r t i n g  
p o i n t s ,  t h e n  p u t  a l l  t h e  p o i n t s  on t h e  f r o n t  l i s t  and beg in  
t h e  c a l c u l a t i o n  i n  t h e  u s u a l  way. See f i g u r e  20. 
I f  you look a t  t h e  p o s i t i o n s  o f  t h e  f r o n t s  a f t e r  
s e v e r a l  i t e r a t i o n s  o f  t h e  a l g o r i t h m ,  t h e  s i t u a t i o n  may be  
a s  shown i n  f i g u r e  2 1 .  Although t h e r e  a r e  a c t u a l l y  s e v e r a l  
d i f f e r e n t  l i n e s  t h a t  compose t h e  f r o n t ,  t h e y  a r e  a l l  p a r t  
of  t h e  same f r o n t .  And, t h e  r e l a t i o n s  we have p r e v i o u s l y  
proven s t i l l  ho ld .  I f  t h e  a l g o r i t h m  i s  a l lowed  t o  p roceed ,  
t h e  " s e p a r a t e "  f r o n t s  w i l l  j o i n  t o  form t h e  more f a m i l i a r  
p a t t e r n  shown i n  f i g u r e  22. 
Above we showed t h a t  t h e  a l g o r i t h m  c o u l d  s t a r t  from 
m u l t i p l e  s t a r t i n g  p o i n t s  (OK o n l y )  and f i n i s h  w i t h  m u l t i p l e  
f i n i s h i n g  p o i n t s  (AND o r  OR). Now w e  want t o  i n t r o d u c e  t h e  
p o s s i b i l i t y  o f  s t a r t i n g  t h e  a l g o r i t h m  from two o r  more p o i n t s ,  
T h i s  i s  d i f f e r e n t  from a l l o w i n g  t h e  p o s s i b i l i t y  of  t h e  p a t h  
s t a r t i n g  from two p o i n t s .  I t  i s  t h e  AND c o n d i t i o n  f o r  mul- 
t i p l e  s t a r t i n g  p o i n t s .  Now we must  keep two ( o r  more) f r o n t  
l i s t s  and two ( o r  more) s e t s  o f  r e c o r d s  o f  t h e  b e s t  p l a c e  t o  
have come from and t h e  c o s t  t o  g e t  t o  e a c h  p o i n t .  T h i s  i s  
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Fronts  jo in  after starting a t  t h r e e  p o i n t s  
Figure 22 
most e a s i l y  accompl ished by runn ing  t h e  a l g o r i t h m  ( f i n d i n g  
~ a t h s )  f o r  e a c h  s t a r t i n g  p o i n t  and s t o r i n g  t h e  p a t h s  and 
c o s t s  a f t e r  e a c h  i s  found. Note t h a t  i t  i s  p o s s i b l e  t o  imple-  
ment any number and combina t ion  of ANU and OK s t a r t i n g  and 
t e r m i n a t i o n  c o n d i t i o n s  f o r  t h e  a l g o r i t h m .  
There i s  t h e  p o s s i b i l i t y  o f  making o n e - h a l f  a s  many 
c a l c u l a t i o n s  a s  when we l e t  t h e  a l g o r i t h m  proceed  o n l y  from 
t h e  p a t h  s t a r t i n g  p o i n t ,  if we l e t  t h e  a l g o r i t h m  s t a r t  from 
t h e  p a t h  s t a r t i n g  p o i n t  and f i n i s h i n g  p o i n t ,  and s t o p  i t  
a f t e r  t h e  two f r o n t s  c r o s s .  I n  a n  i d e a l i z e d  c a s e  where we 
l e t  t h e  a l g o r i t h m  s t a r t  o n l y  from t h e  p a t h  s t a r t i n g  p o i n t ,  
t h e  f r o n t  w i l l  expand a s  a  s e t  o f  c o n c e n t r i c  c i r c l e s .  The 
number o f  p o i n t s  t h a t  have been expanded i s  p r o p o r t i o n a l  t o  
t h e  a r e a  o f  t h i s  c i r c l e .  I f  t h e  d i s t a n c e  ( i n  t h i s  c a s e  t n e  
number o f  p o i n t s ,  n o t  t h e  c o s t )  from t h e  s t a r t i n g  p o i n t  t o  
t h e  t e r m i n a t i o n  p o i n t  i s  K, t h e n  t h e  number o f  p o i n t s  
expanded i s  p r o p o r t i o n a l  t o  q~'. ~f we now l e t  t h e  f r o n t s  
expand a t  t h e  same r a t e  from t h e  p a t h  s t a r t i n g  p o i n t  and 
----
t h e  p a t h  f i n i s h i n g  p o i n t ,  and t e r m i n a t e  t h e  a l g o r i t h m  when 
( o r  a f t e r )  t h e  f r o n t s  c r o s s ,  t h e  r a d i u s  o f  e a c h  of  t h e  two 
1 
c i r c l e s  i s  -K. The number o f  p o i n t s  expanded i s  t h e n  
2 
1 2  1 p r o p o r t i o n a l  t o  2 ( f ( = k )  ) = r f l ~ Z  ( s e e  f i g u r e  23) .  
~ d e a l i  zed case of starti.= a flooding algorithm 
from two p o i n t s  
Area =% 
- 
Area = T R ~  
Area of large circle i s  twice the area of the 
two smaller circles ,  
If the points i n  the space are of equal density, 
there are one-half as many points  inside the two smaller 
circles  as inside the larger cirole. 
Figure 23 
A s  p r e v i o u s l y  mentioned, t he  time t o  t e rmina t e  t h e  
a lgo r i t hm is  when ( o r  a f t e r )  t h e  f r o n t s  c r o s s .  There a r e  
two ways of d e c i d i n g  when t o  t e r m i n a t e  t h e  a lgo r i t hm ex- 
p l a i n e d  below. The f i r s t  of  t h e s e  i s  perhaps  t h e  e a s i e r  t o  
implement. However, t h e  t ime r e q u i r e d  f o r  t h e  a lgo r i t hm 
t o  t e rmina t e  f o r  some uses  may be l onge r  t han  wi th  t h e  
second. This i s  because t h e  f i r s t  method r e q u i r e s  t h e  
t e rmina t ion  d e c i s i o n  t o  be made i n  t h e  innermost  loop of  
t h e  a lgo r i t hm,  whi le  t h e  second method a l lows  t h e  termina-  
t i o n  d e c i s i o n  t o  be made i n  an o u t e r  loop. We w i l l  now 
in t roduce  t h e  n o t a t i o n  f o r  t h e  fo l lowing  d i s c u s s i o n .  There 
a r e  -two f r o n t s ,  f r o n t  A and f r o n t  B. The p o i n t s  i n s i d e  t h e  
f r o n t s  we w i l l  c a l l  a  and b ( p o i n t s  a  a r e  i n s i d e  f r o n t  A ,  
p o i n t s  b a r e  i n s i d e  f r o n t  B ) .  See f i g u r e  24. 
Termination C r i t e r i o n  f o r  Algori thms Which Develop Paths  
From Both Ends Simul taneously  
The f i r s t  method i s  e s s e n t i a l l y  t h e  same a s  desc r ibed  
by h icho lson .  20  The only  d i f f e r e n c e s  a r e  i n  n o t a t i o n  and 
a lgo r i t hm implementat ion (a l though  t h e  a lgo r i t hms  a r e  imple- 
mented d i f f e r e n t l y ,  they  do t h e  same t h i n g ) .  The c r i t e r i o n  
f o r  t e r m i n a t i o n  o f  t h e  a lgo r i t hm i s  a s  fo l lows .  First ,  t h e  
c o s t  t o  g e t  t o  a  p o i n t  is  computed. I f  t h i s  c o s t  i s  l e s s  
Figure f o r  discussion of termination criteria 
of the flooding alqorithm 
than  any p r e v i o u s l y  computed, t h e  c o s t  t o  g e t  from t h i s  
p o i n t  t o  t h e  o t h e r  a l g o r i t h m  s t a r t i n g  p o i n t  must b e  checked 
( i n  a d d i t i o n  t o  t h e  o t h e r  o p e r a t i o n s  r e q u i r e d  by t h e  f l o o d -  
i n g  a l g o r i t h m  a s  d e s c r i b e d  by t h e  bot tom s e c t i o n  o f  
f i g u r e  20-a) .  I f  t h i s  computa t ion  i s  f i n d i n g  p a t h s  from 
t h e  s t a r t ,  t hen  we must check t h e  c o s t  o f  g e t t i n g  from t h i s  
p o i n t  t o  t h e  f i n i s h ;  and v i c e  v e r s a .  I f  we f i n d  t h i s  c o s t  
t o  be l e s s  t h a n  i n f i n i t y  ( o r  i t s  a p p r o x i m a t i o n ) ,  t h e n  we 
have found a  p a t h  from t h e  s t a r t  t o  t h e  f i n i s h .  I f  t h e  c o s t  
o f  t h e  comple te  p a t h  i s  lower t h a n  p r e v i o u s l y  found,  t h e n  
r e p l a c e  t h e  o l d  t o t a l  c o s t  w i t h  t h i s  new c o s t .  (Also r e -  
p l a c e  t h e  p a t h . )  The t ime t o  t e r m i n a t e  t h e  a l g o r i t h m  i s  
when t h e  c o s t  of  t h e  c h e a p e s t  p a t h  found i s  l e s s  t h a n  o r  
e q u a l  t o  t h e  c o s t  o f  one f r o n t  p l u s  t h e  c o s t  of  t h e  o t h e r  
f r o n t  p l u s  t h e  l o w e s t  c o s t  t r a n s i t i o n  p o s s i b l e .  
One p roof  t h a t  t h i s  g i v e s  t h e  l o w e s t  c o s t  p a t h  i s  
g iven  by Nicholson.  2 0  A b r i e f e r  p roof  i s  a s  f o l l o w s .  The 
p o s i t i o n  o f  t h e  f r o n t s  w i l l  be a s  shown i n  f i g u r e  24 .  The 
l o w e s t  c o s t  p a t h  from t h e  p a t h  s t a r t i n g  p o i n t  t o  t h e  f i n i s h -  
i n g  p o i n t  can  i n c l u d e  a s  members o n l y  p o i n t s  t h a t  a r e  i n s i d e  
f r o n t  A o r  i n s i d e  f r o n t  B. I f  a  p o i n t  i s  o u t s i d e  f r o n t  A 
and o u t s i d e  f r o n t  B, t h e n  t h e  c o s t  t o  g e t  t o  i t  from t h e  s t a r t  
w i l l  be g r e a t e r  than  o r  e q u a l  t h e  p r e s e n t  c o s t  of f r o n t  B 
p l u s  t h e  c o s t  of  f r d n t  A. Hence, t h e  t o t a l  c o s t  of  t h e  
p a t h  which i n c l u d e s  t h i s  p o i n t  a s  a  member must be g r e a t e r  
than o r  equa l  t he  sum of t h e  p r e s e n t  f r o n t  c o s t s .  From 
above, t h e  c o s t  of  the  p a t h  we have found i s  l e s s  than  o r  
equa l  t h i s  sum, and t h e r e  i s  no need t o  c o n s i d e r  t h e s e  
p o s s i b i l i t i e s .  To con t inue  t h e  p r o o f ,  we must i n v e s t i g a t e  
t h e  p r o p e r t i e s  o f  t h e  f r o n t s .  Remember t h a t  i t  is  imposs ib le  
f o r  a  pa th  t o  go from a  p o i n t  o u t s i d e  t h e  f r o n t  t o  a  p o i n t  
i n s i d e  t h e  f r o n t  wi thout  t h e  p a t h  i n c l u d i n g  a p o i n t  on t h e  
p r e s e n t  f r o n t .  There fore ,  t o  go from t h e  s t a r t  t o  t h e  f i n -  
i s h ,  we must c r o s s  both  f r o n t s ;  t h a t  i s ,  any p a t h  must i n -  
c lude  a s  a  member a t  l e a s t  one p o i n t  of  each f r o n t .  Each 
time a  p o i n t  i s  added t o  e i t h e r  f r o n t ,  t h e  a lgo r i t hm r e q u i r e s  
t h a t  we check t h e  c o s t  o f  t h e  p a t h  from t h e  s t a r t  t o  f i n i s h  
t h a t  i n c l u d e s  t h i s  p o i n t .  I t  s aves  t h e  lowes t  c o s t  o f  t he se .  
There fore ,  we have found t h e  lowes t  c o s t  pa th .  
The second method of t e r m i n a t i n g  t h e  a lgo r i t hm i s  a s  
fo l lows .  Each time t h e  t o p  p o i n t  i s  t aken  o f f  t h e  f r o n t  
l i s t ,  a  check is  made t o  s e e  i f  t h i s  p o i n t  i s  i n s i d e  t he  
o t h e r  f r o n t .  I f  i t  i s ,  t h e  c o s t  t o  g e t  t o  t h i s  p o i n t  i s  r e -  
corded as C1. This has  t o  be  t h e  lowes t  c o s t  p o i n t  on t h i s  
f r o n t  t h a t  i s  a l s o  i n s i d e  t h e  o t h e r  f r o n t .  Le t  u s  c a l l  t h i s  
f r o n t  a t  t h i s  t ime f r o n t  A ' ,  and l i k e w i s e ,  t h e  o t h e r  f r o n t  13'. 
Now we must s e a r c h  o v e r  t h e  p o i n t s  on f r o n t  B' t o  f i n d  which 
one h a s  t h e  l o w e s t  c o s t  t o  g e t  t o  t h e  p o i n t  from which t h i s  
a l g o r i t h m  s t a r t e d .  When t h i s  c o s t  i s  found,  i t  i s  r e c o r d e d  
a s  U1. Remember from t h e  p r e v i o u s  s e c t i o n  t h a t  t h e r e  is  no  
need t o  c o n s i d e r  p o i n t s  o u t s i d e  e i t h e r  f r o n t  ( f r o n t  A' o r  f r o n t  
B'), and any p a t h  must c o n t a i n  a t  l e a s t  one member o f  e a c h  
o f  t h e s e  f r o n t s .  T h e r e f o r e ,  t h e  l o w e s t  c o s t  p a t h  t h a t  c a n  be 
found i s  C + D t h e  sum o f  t h e  l o w e s t  c o s t  components on 1 1 ' 
t h e  f r o n t .  
Now, we w i l l  n o t  c o n t i n u e  t o  expand t h e  f r o n t s  a t  
e q u a l  r a t e s .  We w i l l  c o n t i n u e  t o  expand on ly  f r o n t  A ( f r o n t  
A' i s  a  p a r t i c u l a r  p o s i t i o n  o f  f r o n t  A). A s  each  p o i n t  i s  
expanded,  w e  must check f o r  a  lower  c o s t  p a t h  from t h e  s t a r t  
t o  t h e  f i n i s h ,  and r e p l a c e  t h e  o l d  c o s t  w i t h  any new lower  
c o s t  found (and t h e  o l d  p a t h  w i t h  t h e  new p a t h ) .  We can t e r -  
mina te  t h e  a l g o r i t h m  o n l y  a s  soon a s  t h e  c o s t  o f  t h e  p o i n t  
b e i n g  expanded i s  g r e a t e r  t h a n  o r  e q u a l  t o  t h e  c o s t  o f  t h e  
l o w e s t  c o s t  p a t h  y e t  found minus 01, Th i s  p r o c e d u r e  g u a r -  
a n t e e s  t h a t  t h e  l o w e s t  p a t h  from t h e  s t a r t  t o  t h e  f i n i s h  h a s  
been found a s  any f u t u r e  p a t h  t h a t  w i l l  be found must have a  
c o s t  g r e a t e r  t h a n  o r  e q u a l  t o  t h e  p r e s e n t  l o w e s t  c o s t  p a t h .  
A s  we showed above,  t h e  l o w e s t  p o s s i b l e  c o s t  p a t h  i s  C + b 
1 1' 
and t h e  l o w e s t  c o s t  p a t h  must i n c l u d e  a t  l e a s t  one p o i n t  
t h a t  is  a  member o f  t h e  s e t  compr i s ing  f r o n t  A'  ANU b (Aiiu 
i s  l o g i c a l  and) .  When t h e  c o s t  of t h e  p o i n t  be ing  expanded,  
C i s  p l u s  Dl i s  g r e a t e r  thal l  o r  e q u a l  t o  t h e  c o s t  o f  t h e  l o w e s t  
c o s t  p a t h  found,  t h e n  we have i n v e s t i g a t e d  a l l  p o i n t s  t l l a t  
a r e  members o f  t h e  s e t  f r o n t  A '  AhU b  t h a t  c o u l d  be on t h e  
l o w e s t  c o s t  p a t h .  (Ci c a n  n e v e r  d e c r e a s e ;  t h e r e f o r e ,  
Ci  + U1 can  o n l y  be g r e a t e r  t h a n  o r  e q u a l  t o  t h e  p r e s e n t  low- 
e s t  c o s t  p a t h . )  F i g u r e  25 supp lements  t h e  above e x p l a n a t i o n ,  
There a r e  two t r i v i a l  t e r m i n a t i o n  s i t u a t i o n s  which d e -  
s e r v e  s p e c i a l  c o n s i d e r a t i o n ,  P r i o r  e x p e r i e n c e  has  shown t h a t  
one o r  t h e  o t h e r  o f  t h e s e  has  a lways  been t h e  s i t u a t i o n  when 
t h e  a l g o r i t h m  t e r m i n a t e d ,  The f i r s t  i s  when t h e r e  i s  o n l y  one 
member o f  t h e  s e t  f r o n t  A t  ANU b. Then t h e  f i r s t  p a t h  found 
i s  t h e  o n l y  p a t h  p o s s i b l e .  The second s i t u a t i o n  i s  when a l l  
t h e  c o s t s  o f  t h e  members o f  f r o n t  A '  ANU b  a r e  t h e  salne. 
However, s e e  f i g u r e  26 f o r  a  s i t u a t i o n  where t h i s  i s  n o t  
t h e  c a s e .  
There i s  one f u r t h e r  i t e m  t o  add.  That  i s ,  when t h e r e  
i s  a t  l e a s t  one member o f  t h e  s e t  f r o n t  A t  ANU b ,  and t h e r e  
a r e  no members o f  t h e  s e t  a  AND b ,  ( t h a t  i s ,  f r o n t  A' and 
f r o n t  B'  a r e  a d j a c e n t  where f r o n t  A t  i s  i n s i d e  f r o n t  B ' ,  o r  
Illustration to supplement explanation of Termination 
Criterion of' flooding algoritha when paths are 
developed from both ends, 
C is cost of first loweat,cost point on front A 
fbund to  be inside front 8. 
D~ is aost of lowest ooat point on front B'. 
Front A is expanded from front A' until C; , the cost 
of front A, is greater than or eqwl to the cost of 
the cheapest path from start to finish minus Dl. 
Situation i n  whiah complete inspection is mceeeary 
to fiml shoZ'te8t -the 
Numbers between pofntr are transi t ion aoate, 
Hissing oosts can bo taken t o  be in f in i ty .  
Light numbers at points (on the l e f t )  are costs 
Lo gat fran atart to  that point. 
Boldfaoe numbers a t  points f on the right) are costs 
t o  get front t h i s  point to the f i n i s h ,  
Tha ocmt to  get t o  point. rkum tb fronte a m  
adjaosnt and parallel are not equal, The lowest 
oost path i a  18 aoat uni ts ,  It will not be th. first 
path inobatigated. 
v i c e  v e r s a ) ,  t hen  t h e  number o f  members o f  f r o n t  A' MD b  
e q u a l s  t h e  number o f  members o f  f r o n t  B' ANU a ,  A s  t h e  two 
f r o n t s  a r e  a d j a c e n t ,  t h e y  must be p a r a l l e l  ( n o t  n e c e s s a r i l y  
s t r a i g h t ) .  A s  t h e y  c r o s s  one a n o t h e r  a t  t h e  ends  o f  t h e  
p a r a l l e l  s e c t i o n s ,  t h e  l e n g t h s  of  t h e  f r o n t s  where they  
a r e  p a r a l l e l  must be equa l .  And a s  t h e  number o f  p o i n t s  on 
t h e  f r o n t s  a r e  p r o p o r t i o n a l  t o  t h e  l e n g t h  o f  t h e  f r o n t s ,  t h e n  
t h e  number o f  p o i n t s  on each  f r o n t  i n  t h i s  r e g i o n  must be 
equa l .  
The A* Algori thm 
- -  
The f l o o d i n g  a l g o r i t h m  j u s t  d i s c u s s e d  i s  a  s p e c i a l  
c a se  o f  t h e  A* a lgo r i t hm.  l1 However, having proved t h e  
f l o o d i n g  a l g o r i t h m ' s  p r o p e r t i e s  w e  have a  s o l i d  b a s i s  on 
which t o  proceed w i t h  t h e  A* a lgo r i t hm.  There a r e  no f low 
c h a r t s  g iven  f o r  t h e  A* a l g o r i t h m  as i t  i s  i d e n t i c a l  t o  t h e  
f l o o d i n g  a lgo r i t hm e x c e p t  f o r  expanding t h e  p o i n t  on t h e  
f r o n t  ( t h e  open p o i n t )  which minimizes  fj (d ) +%(d ) ( de f i ned  
below) and t h e  s p e c i a l  c a u t i o n s  o u t l i n e d  below, 
F i r s t  a  d e f i n i t i o n  of  terms. d i s  t h e  p o i n t  be ing  
A d i s c u s s e d ,  any p o i n t  i n  t h e  space .  g ( d )  i s  t h e  c u r r e n t  
b e s t  e s t i m a t e  of t h e  l owes t  c o s t  p a t h  from t h e  s t a r t  t o  d .  
g ( d )  i s  t h e  c o s t  of t h e  l o w e s t  c o s t  p a t h  from t h e  s t a r t  t o  d .  
A 
e(d) 2 g ( d )  i n  a l l  c a se s .  h ( d )  is an e s t i m a t e  of  t he  
c o s t  o f  t h e  p a t h  from t o  t h e  f i n i s h .  $(a)  must be 
g r e a t e r  than  o r  e q u a l  t o  t h e  c o s t  o f  t h e  lowes t  c o s t  
pa th  from 04 t o  t he  f i n i s h .  The s e t  o f  t e r m i n a l  p o i n t s  f o r  
t h e  a l g o r i t h n  i s  T ,  and t r e p r e s e n t s  a  member of  T. 
%hen implementing A*, i t  became appa ren t  t h a t  
s p e c i a l  c a r e  has  t o  b e  t aken  when t h e r e  i s  more than one 
p o i n t  i n  t he  t e r m i n a l  s e t ,  T ,  and t h e  t e r m i n a l  cond i t i on  
is  t o  f i n d  t h e  cheapes t  p a t h  t o  any one of t he  s e v e r a l  mem- 
be r s  o f  T. (The OK t e rmina l  cond i t i on . )  L e t  T b e  composed 
of nmembers,  tl, t2 ,  . . ., ti, . . . t . A s  fi(ol) must be 
n  
a  f u n c t i o n  o f  oC and t ,  ~ E T ,  we must,  a t  eve ry  p o i n t  oC, 
A min 
use h ( d )  where %(o()= f (d , t i ) ,  t o  i n s u r e  t h a t  t h e  a l g o r -  
ithm t e r m i n a t e s  p rope r ly .  
When t h e  t e r m i n a l  c o n d i t i o n  i s  AND (we must f i n d  t h e  
cheapes t  p a t h  t o  a l l  members o f  T ) ,  t h e  same problem does 
n o t  e x i s t .  One way of  implementing t h i s  c o n d i t i o n  is t o  
p i c k  a  t t o  compute G(o( ) = f  (a, t i ) ,  and con t inue  w i t h  t h i s  i 
ti  u n t i l  i t  i s  c lo sed .  Then, s can  t h e  l i s t  of t e rmina l  
p o i n t s  and p i c k  one t h a t  i s  n o t  y e t  c l o s e d ,  t and use  i t  t o  j, 
compute $(d) = f  (4 , t  .) . Continue t h e s e  s t e p s  u n t i l  a l l  
3 
p o i n t s  o f  t he  t e rmina l  s e t  a r e  c losed .  
The A* a lgo r i t hm has  t h e  same p r o p e r t i e s  a s  t h e  f l o o d -  
ing  a l g o r i t h m  i n  t h e  c a s e  o f  m u l t i p l e  s t a r t i n g  p o i n t s  (OK) 
and s t a r t i n g  t h e  a l g o r i t h m  from two o r  more p o i n t s  (ANU). 
Also,  when t h e  A* a lgo r i t hm i s  s t a r t e d  from the  p a t h  s t a r t -  
i ng  and f i n i s h i n g  p o i n t s ,  t h e  same t e rmina t ion  procedures  a s  
d e s c r i b e d  f o r  t h e  f l o o d i n g  a lgo r i t hm apply  ( a s  g^(q ) = g ( v  ) 
when Y i s  t h e  open node t h a t  s a t i s f i e s  i ( V  ) + G ( v  )( ;(& j +  
&(d) and d, i s  any open node) .  however, i n  a l l  c a s e s  i n  
which t h e r e  i s  more than  one p o s s i b l e  t e rmina l  s t a t e ,  t h e  
p roceaures  d e s c r i b e d  above must b e  used. 
The Two S tack  Diamond 
- -  
One of t he  f i r s t  o b j e c t i v e s  of  t h i s  p r o j e c t  was t o  
f i n d  o r  i n v e n t  s h o r t e s t  p a t h  a lgo r i t hms  t h a t  t e rmina t e  
q u i c k l y  when f i n d i n g  p a t h s  through l a r g e  numbers of nodes 
(of  t h e  o r d e r  o f  10,000 o r  s o ) .  One of  t h e  f i r s t  a lgo r i t nms  
t r i e d  was a  v a r i a t i o n  o f  Minty 's  Algorithm. 2 3  In  an e f f o r t  
t o  make t h i s  a lgo r i t hm run f a s t e r ,  a  l i s t  was kep t  of a l l  
t h e  p o i n t s  whose c o s t  (of  t h e  p a t h  from t h i s  p o i n t  t o  t h e  
s t a r t )  had decreased .  A p o i n t  was t aken  o f f  the  l i s t  when 
t h e  c o s t s  of t h e  pa th s  t o  i t s  ne ighbors  were i n v e s t i g a t e d  
( t h e s e  p a t h s  be ing  r e q u i r e d  t o  go through t h i s  p o i n t ) .  
This l i s t  of  p o i n t s  composed a  f r o n t .  
I n  t h e  course  o f  some expe r imen ta t i on ,  it was found t h e  
b e s t  way t o  p u t  p o i n t s  on t h e  l i s t  and t a k e  them o f f  was t h e  
F i r s t  i n - F i r s t  o u t  method. Th is  method tended t o  make t h e  
f r o n t  p rog re s s  through t h e  m a t r i x  o f  nodes p e r p e n d i c u l a r  t o  
t h e  s u r f a c e  formed by t h e  f r o n t .  Using a  L a s t  i n - F i r s t  o u t  
method ( a  push-down l i s t )  t ended  t o  g e n e r a t e  l i n e s  of  nodes 
t h a t  s t a r t e d  from t h e  e x t r e m i t i e s  o f  t h e  f r o n t  and were 
p a r a l l e l  t o  t h e  s u r f a c e  formed by t h e  f r o n t .  Th is  i s  a  waste-  
f u l  p rocedure  a s  t h e  p a t h s  formed a long  t h e s e  l i n e s  would 
g e n e r a l l y  n o t  be minimum c o s t  and would have t o  be r e c a l c u -  
l a t e d  many t imes  b e f o r e  a  minimum c o s t  p a t h  was found. 
The on ly  problem w i t h  t h e  F i r s t  i n - F i r s t  o u t  method 
was t h a t  i t  r e q u i r e d  e x t r a  i n s t r u c t i o n s  f o r  computer imple-  
menta t ion  a s  i t  cou ld  n o t  use i n s t r u c t i o n s  f o r  pushdown l i s t  
manipu la t ion .  A s  an a l t e r n a t i v e ,  two s t a c k s  of  f r o n t  p o i n t s  
were kept .  P o i n t s  whose c o s t  had changed were p u t  on one 
l i s t ,  and p o i n t s  t o  expand were t aken  o f f  t h e  o t h e r .  When 
t h e  l i s t  t h e  p o i n t s  were be ing  t aken  from was empty, t h e  
l i s t s  were swapped. We now took p o i n t s  o f f  t h e  l i s t  we were 
adding them t o ,  and v i c e  ve r sa .  Th is  p rocedure  l e t  t h e  
push-down l i s t  f a c i l i t i e s  be used ,  and moved t h e  f r o n t  
p e r p e n d i c u l a r  t o  t h e  s u r f a c e  formed by t h e  f r o n t .  
A flow c h a r t  o f  t h i s  a l g o r i t h m  i s  shown i n  f i g u r e  27 .  
The advan tage  o f  t h i s  a l g o r i t h m  is t h a t  ve ry  few d e c i s i o n s  a r e  
made i n  t h e  i n n e r  loop.  When p a t h s  t o  many p o i n t s ,  o r  wide ly  
s e p a r a t e d  p o i n t s  i n  t h e  space  must be found,  t h e n  t h i s  
a l g o r i t h m  i s  g e n e r a l l y  f a s t e r  t h a n  t h e  f l o o d i n g  a l g o r i t h m  
o r  t h e  A* a l go r i t hm.  They bo th  r e q u i r e  many more d e c i s i o n s  
t o  be made i n  t h e  i n n e r  loop.  Th i s  g r e a t l y  i n c r e a s e s  t h e  
t ime t hey  r e q u i r e  t o  t e rmina t e .  Appendix A shows t h i s  
a l g o r i t h m  f i n d i n g  t h e  minimum c o s t  p a t h s  i n  a space .  
Plow Chart f o r  t h e  'Two d tack  Diamond S h o r t e s t  
i-ath Algorithm . 
I n i t i a l l y ,  s e t  a l l  c o s t s  = ~0 ( o r  some implementable 
approximation).  
I 
J, S e t  the  c o s t  of the s t a r t i n g  p o i n t  = 0 . 
Put the  starting; po in t  on the  * l f u l l u  l ist .  (The 
o the r  l ist  should be empty.) 
1 Take a po in t  o f f  the  " f u l l 8 *  l is t .  
I 
- 
Is the  l l f u l l u  l i s t  empty? ye s :Is the  o the r  
no 
l i s t s  f i n i s h e d  
C Generate a l i s t  of a l l  n e a r e s t  neighbors of t h i s  
p o i n t ,  I 
- 
neighbors empty? Yes Y 
Compute t h e  8 o s t  of the  pa th  from t h e  start t o  t h i s  
neighbor po in t  with t h i s  po in t  as t h e  immediately 
preceeding po in t  on the  pa th ,  
I \1 Is t h i s  c o s t  l e s s  than  t h e  c o s t  of any previous ly  
computed path? t- I 
.L A .  Replace o ld  c o s t  with new, lower c o s t ,  
B. Replace po in t  t o  have come from with t h i s  po in t .  
C, Put t h i s  ,neighbor po in t  on **emptyn l is t .  
Figure 27 
Chapter  I V  Implenlentation - of Algori thms -- f o r  t h e  Purposes 
o f  This  Work 
--- 
The c h a p t e r  beg ins  by s p e c i f y i n g  t h e  r e s t r i c t i o n s  on 
t h e  examples t h e  demons t ra t ion  system can s o l v e  and i n v e s t i -  
g a t i n g  some b a s i c  manipu la t ion  s i t u a t i o n s .  I n  t he  body of 
t h e  c h a p t e r ,  t he  methods used t o  implement t h e  p rocedures  
d i s c u s s e d  i n  p rev ious  c h a p t e r s  a r e  exp la ined .  
R e s t r i c t i o n s  on t h e  kxamples and Uemonstrat ions 
-- -
and Uef i n i t i o n s  
-
Iwo Uimensional Space 
A l l  t a s k s  w i l l  be performed i n  a  two dimensional  
space .  A l l  motion w i l l  be con f ined  t o  be w i t h i n  t h e  space ,  
and t h e  r e p r e s e n t a t i o n  of  a l l  o b j e c t s  and t h e  manipu la tor  
jaws w i l l  be two dimensional .  This  r e s t r i c t i o n  i s  made 
t o  keep t h e  s i z e  o f  d a t a  s t o r a g e  needed f o r  t h e  s t a t e  space  
model o f  t h e  t a s k  r ea sonab le .  The p r i n c i p l e s  on which t h e  
system i s  des igned  a r e  ex t endab le  t o  t h r e e  dimensions ( o r  
more), bu t  o f  c o u r s e ,  t h e  d a t a  s t o r a g e  and t h e  p roces s ing  
time i n c r e a s e  accord ing  t o  t h e  number o f  dimensions r e -  
q u i r e d  by t h e  s t a t e  space  model t o  d e s c r i b e  t h e  t a sk .  
No Ko ta t i ons  
For t h e  same r ea son ,  t h e  sys tem w i l l  n o t  a l l ow  any 
r o t a t i o n s .  R o t a t i o n s  o f  o b j e c t s  can  be comple te ly  d e s c r i b e d  
by a model o f  s u f f i c i e n t  d i m e n s i o n a l i t y .  Not a l l owing  r o t a -  
t i o n s  keeps t h e  number o f  d imensions  i n  t h e  model sma l l .  A s  
b e f o r e ,  t h e  system can be ex tended  t o  i n c l u d e  r o t a t i o n s  i f  
nece s sa ry .  
U i g i t i z e d  Objec t  Shapes 
The o b j e c t s  t h a t  t h e  demons t r a t i on  sys tem can r e p r e -  
s e n t  can  be o f  any two d imens iona l  shape ,  b u t  t h e  s i d e s  must 
be p a r a l l e l  t o  t h e  X o r  Y axes  o f  t h e  space ,  and t h e  o b j e c t  
must be connected .  F igu re  2 8  i s  a r e p r e s e n t a t i o n  o f  an 
o b j e c t  t h a t  can  be r e p r e s e n t e d  on t h e  system. 
Movable and Immovable Ob jec t s  
The system w i l l  d i v i d e  o b j e c t s  i n t o  two c l a s s e s ,  
movable and immovable. In  o u r  everyday expe r i ence ,  we 
make t h i s  c l a s s i f i c a t i o n ,  bu t  t h e  a t t r i b u t e  immovable has  
meaning on ly  i n  a  r e l a t i v e  s ense .  A s  f a r  a s  i s  known, 
t h e r e  i s  no a b s o l u t e l y  immovable o b j e c t .  When we a r e  t h i n k -  
i n g  o f  moving f u r n i t u r e ,  we c o n s i d e r  t h e  w a l l s  o f  t h e  house 
a s  immovable. But wreckers  move ( o r  remove) w a l l s  o r  
e n t i r e  b u i l d i n g s .  Likewise ,  t h e r e  a r e  o t h e r  groups t h a t  
ObJect that can be represented on the demonstration 
system 
Figure 28 
s p e c i a l i z e  i n  moving t h i n g s  we normal ly  t h i n k  o f  a s  
immovable. I n  t h e  examples and demons t r a t i on ,  o b j e c t s  a r e  
d e f i n e d  a s  movable o r  f i x e d .  The sys tem w i l l  never  move a  
f i x e d  o b j e c t .  
Only One Ob jec t  a t  a  Time Can be Moved 
This  demons t r a t i on  sys tem canno t  move more t han  one 
o b j e c t  a t  a  t ime. Th i s  means, f o r  example,  t h a t  t h e  sys tem 
cannot  use  one o b j e c t  t o  push o t h e r s ,  n o r  can i t  use  an ob-  
j e c t  a s  a  t o o l  i n  an a c t i v e  manner. 
D e s c r i p t i o n  o f  Manipu la to r  Jaws 
The t h i n g s  t h a t  move t h e  o b j e c t s  a r e  t h e  r e p r e s e n t a -  
t i o n s  of  man ipu l a to r  jaws. l 'hese  a r e  an i d e a l i z a t i o n  o f  an  
end on view o f  a  p a i r  of  n o - s l i p  jaws o f  a  t h r e e  degree  . 
of freedom man ipu l a to r  ( X ,  Y ,  open -c lo se ) .  The jaws w i l l  
normal ly  move from p l a c e  t o  p l a c e  c l o s e d ,  b u t  may move open. 
Also ,  t hey  w i l l  no rmal ly  g r a s p  o b j e c t s  t o  move them, bu t  they  
can a l s o  push. F igure  2 9  shows t h e  jaws i n  v a r i o u s  s t a t e s .  
O e f i n i t i o n  o f  Temporary Loca t ion  
The c h a r a c t e r i s t i c  t h a t  i d e n t i f i e s  a  'l'emporary Loca- 
t i o n  i s  t h a t  i f  an o b j e c t  i s  p u t  i n  a Temporary Loca t ion ,  
then  t h e  jaws can move, unimpeded, comple te ly  around t he  
Ifiinipulator Jaws 
c ) jaws grasping 
an object 
bl- Jaw8 open 
d) jaws pushing 
an obJect 
Figure 29 
o b j e c t .  Note t h a t  what i s  a  Temporary Loca t i on  f o r  one 
o b j e c t  i s  n o t  n e c e s s a r i l y  a  'I'emporary Loca t i on  f o r  a n o t h e r  
o b j e c t .  The v a l u e  o f  Temporary L o c a t i o n s  i s  t h a t  i f  a n  
o b j e c t  i s  moved t o  one, t h e n  t h e  o b j e c t  can  be moved from 
i t  t o  a n o t h e r  l o c a t i o n .  Th i s  f o l l o w s  d i r e c t l y  from t h e  d e f i -  
n i t i o n .  One d e f i c i e n c y  o f  t h e  demons t r a t i on  system i s  t h a t  
many t imes  i t  would be s a t i s f a c t o r y  t o  move an  o b j e c t  t o  a  
p o s i t i o n  ( n o t  n e c e s s a r i l y  a  Temporary Loca t ion)  from which 
i t  can be moved. But t h e  sys tem h a s  no way of  d e c i d i n g  
which l o c a t i o n s  i n  t h e  space  s a t i s f y  t h i s  requirement .  So 
t h e  system moves t h e  o b j e c t  t o  a  Temporary Loca t ion .  There 
w i l l  be a  d i s c u s s i o n  o f  t h i s  and a s s o c i a t e d  problems l a t e r .  
D e f i n i t i o n  o f  Out o f  t h e  Way P l ace  
The n e x t  term i s  Out o f  t h e  Way P l ace .  Th i s  i s  a  s e t  
of  l o c a t i o n s  i n  t h e  t a s k  space  which a r e  Temporary Loca t i ons ,  
and i n  a d d i t i o n ,  a r e  o u t  of t h e  way o f  a l l  p a t h s  t h e  sys tem has  
p lanned ,  b u t  n o t  y e t  execu t ed .  How t h e  sys tem de t e rmines  which 
l o c a t i o n s  a r e  Out o f  t h e  Way P l a c e s  w i l l  be e x p l a i n e d  l a t e r  
i n  t h i s  c h a p t e r .  
D e f i n i t i o n  o f  a  Simple Task 
For o u r  pu rpose s ,  a  s imple  t a s k  i s  d e f i n e d  a s  moving 
one o b j e c t .  Th i s  t a s k  must be a b l e  t o  be execu t ed  w i t h o u t  
any r e s t r i c t i o n s  o r  q u a l i f i c a t i o n s .  O p e r a t i o n a l l y ,  t h i s  i s  
e q u i v a l e n t  t o  s a y i n g  t h a t  a  s h o r t e s t  p a t h  a l g o r i t h m ,  de -  
s i g n e d  t o  f i n d  t h e  p a t h  f o r  one o b j e c t ,  i s  c a p a b l e  o f  f i n d -  
i n g  t h e  s o l u t i o n  t o  t h e  s i m p l e  t a s k .  F i g u r e  30 i s  an  ex-  
ample of  a  s p e c i f i c a t i o n  o f  a  s i m p l e  t a s k .  
A s  w e l l  a s  s p e c i f y i n g  t h e  t a s k  p i c t o r i a l l y ,  we can 
a l s o  s p e c i f y  i t  u s i n g  t h e  f o l l o w i n g  words: 
MOVE A TO LOCATION 20,20,  
A more c o n c i s e  way o f  s a y i n g  t h e  same t h i n g ,  g i v e n  t h a t  we 
a r e  t a l k i n g  a b o u t  moving o b j e c t s  t o  p l a c e s  t h a t  can  be 
s p e c i f i e d  by numbered c o o r d i n a t e s ,  i s  t o  g i v e  o n l y  t h e  name 
o f  t h e  o b j e c t  and t h e  l o c a t i o n  t o  which i t  i s  t o  be moved, 
s p e c i f i c a l l y :  
A, 20,20. 
I n  t h i s  r e s t r i c t e d  c a s e ,  t h e  c h a r a c t e r  s t r i n g ,  (name, l o c a -  
t ion)  c o m p l e t e l y  s p e c i f i e s  t h e  t a s k .  We c a n  c a l l  t h i s  
c h a r a c t e r  s t r i n g  an  a b s t r a c t  s p e c i f i c a t i o n  o f  a t a s k .  
Such a  c h a r a c t e r  s t r i n g  does  n o t  i n c l u d e  a l l  o f  t h e  i n f o r -  
mat ion  abou t  a  t a s k ,  b u t  does  i n c l u d e  enough s o  t h a t  a  
computer system (Whi tney 's ,  f o r  example) ,  o r  a  p e r s o n ,  can  
d e t e r m i n e  t h e  remaining i n f o r m a t i o n  n e c e s s a r y  t o  e x e c u t e  
t h e  t a s k .  
Specification of a Simple Taok 
zn;f;a/ P o S i f / b & J  
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Some B a s i c  Manipu la t ion  S i t u a t i o n s  
-
I n  c o n j u n c t i o n  w i t h  t h e  r e s t r i c t i o n s  g iven  on t h e  
p r e v i o u s  pages ,  t h e r e  developed t h e  n e c e s s i t y  t o  s t u d y  some 
b a s i c  m a n i p u l a t i o n  s i t u a t i o n s . ,  A s  t h e  r e a d e r  w i l l  s e e ,  t h e y  
a r e  a l l  more o r  l e s s  s t r a i g h t f o r w a r d ,  b u t  i t  was f e l t  they  
d e s e r v e d  s p e c i a l  c o n s i d e r a t i o n .  
S i t u a t i o n  1 
Even i f  an o b j e c t  has  t h e  a t t r i b u t e  o f  be ing  movable,  
i t  may n o t  be  p o s s i b l e  t o  move it. I t s  p o s i t i o n ,  o r  t h e  ob- 
j e c t s  t h a t  s u r r o u n d  i t ,  make i t  i m p o s s i b l e  t o  move. In  t h e  
sys tem,  i f  a n  o b j e c t  i s  d e s c r i b e d  a s  movable, b u t  i s  s u r -  
rounded by immovable o b j e c t s ,  t h e  sys tem h a s  t o  d i s c o v e r  t h a t  
t h e  o b j e c t  canno t  be moved. I t  does  n o t  know t h e  o b j e c t  i s  
immovable w i t h o u t  f i r s t  a t t e m p t i n g  t o  move i t  and d i s c o v e r -  
i n g  i n  t h e  i n t e r n a l  model t h a t  i t  c a n n o t  be moved. 
&-I example o f  such  a  s i t u a t i o n  i s  shown i n  f i g u r e  31. 
The movable o b j e c t ,  A ,  has  o n l y  two s i d e s  covered  by t h e  i m -  
movable o b j e c t ,  b u t  a s  A p r e s e n t s  no h a n d l e s  f o r  g r a s p i n g ,  o r  
s u r f a c e s  on which t o  push away from t h e  immovable o b j e c t ,  A 
canno t  be moved. There a r e  many more s i m i l a r  s i t u a t i o n s .  
The sys tem d i s c o v e r s  t h a t  an o b j e c t  i s ,  i n  e f f e c t ,  immovable 
by a t t e m p t i n g  t o  move t h e  o b j e c t  and f i n d i n g  o u t  (by t h e  
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f a i l u r e  o f  t h e  s h o r t e s t  p a t h  a l g o r i t h m  t o  f i n d  a  s o l u t i o n )  
t h a t  t h e  o b j e c t  c a n n o t  be moved. 
I n  c o n j u n c t i o n  w i t h  t h e  above,  l e t  us  p o i n t  o u t  t h a t  
an o b j e c t  can be moved i n t o  a  p o s i t i o n  t h a t  i t  c a n n o t  be 
moved from, For example,  i f  i n  f i g u r e  31, o b j e c t  A were a  
few s p a c e s  t o  t h e  r i g h t ,  i t  c o u l d  b e  pushed t o  t h e  l e f t  i n t o  
t h e  c o r n e r ,  where i t  would a g a i n  be immovable, 
S i t u a t i o n  2 
Given t h a t  an  o b j e c t  i s  i n  a  p o s i t i o n  i t  can be 
moved from, t h e n  i t  i s  n o t  always p o s s i b l e  t o  move t h e  
o b j e c t  t o  a  d e s i r e d  p o s i t i o n  i n  t h e  s p a c e .  Usua l ly ,  t h i s  
s i t u a t i o n  o c c u r s  because  t h e  d e s i r e d  p o s i t i o n  i s  b locked by 
one o r  more immovable o b j e c t s .  F i g u r e  32 i s  an example o f  
such a  s i t u a t i o n .  
The d e m o n s t r a t i o n  sys tem w i l l  d i s c o v e r  t h i s  s i t u a t i o n  
o n l y  i f  i t  a t t e m p t s  t o  move a n  o b j e c t  t o  such  a  p o s i t i o n ,  I f  
t h i s  s i t u a t i o n  i s  d i s c o v e r e d ,  t h e  t a s k  b e i n g  e x e c u t e d  i s  de-  
c l a r e d  t o  be i m p o s s i b l e .  
S i t u a t i o n  3 
Given two p o s i t i o n s ,  P1 and P2, t h a t  o b j e c t s  can be 
moved from, and g i v e n  t h a t  an o b j e c t  can  be moved from P1 
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t o  P 2 ,  t h e n  i t  i s  n o t  always p o s s i b l e  t o  move t h e  o b j e c t  
from P2 t o  P1. 
T h i s  s t a t e s  t h a t  d i o d e s  e x i s t  f o r  o b j e c t s ,  t h a t  an 
o b j e c t  may be moved i n  one d i r e c t i o n  th rough  a  narrow open- 
i n g  between immovable o b j e c t s  b u t  may n o t  be a b l e  t o  be moved 
i n  t h e  o t h e r  d i r e c t i o n .  I n  f i g u r e  33 ,  t h e  movable o b j e c t  A 
can  be moved by t h e  jaws from P1 t o  P 2 ,  b u t  t h e  jaws canno t  
move i t  back. There a r e  many more p o s s i b l e  s i t u a t i o n s  where 
d i o d e s  a r e  encoun te red .  
I n  t h e  remainder  o f  t h i s  work t h e  assumpt ion  w i l l  
be made t h a t  d i o d e s  do n o t  e x i s t  i n  t h e  t a s k  space .  I f  a  
d iode  i s  p r e s e n t  i n  a n  example,  t h e  d e m o n s t r a t i o n  sys tem 
may make a  f a t a l  m i s t a k e  i n  a t t e m p t i n g  t o  s o l v e  t h e  t a s k .  
S i t u a t i o n  4 
Before an o b j e c t  can  b e  moved, t h a t  which i s  t o  
cause  motion must be i n  c o n t a c t  w i t h  t h e  o b j e c t .  The 
b a s i s  f o r  t h i s  s t a t e m e n t  i s  t h a t  an o b j e c t  must be a c t e d  
on by a  f o r c e  b e f o r e  i t  can move. O f  c o u r s e ,  t h e r e  a r e  
s i t u a t i o n s  where p h y s i c a l  c o n t a c t  i s  n o t  n e c e s s a r y  t o  move 
an o b j e c t .  I n  t h e s e  c a s e s ,  some o t h e r  f o r c e  such  a s  mag- 
n e t i c  o r  e l e c t r o s t a t i c  must be used.  But i n  t h e  d e m o n s t r a t i o n  
X can be moved from PI to Y2, but not from Y2 to P1 
and examples o n l y  t h e  jaws, a c t i n g  d i r e c t l y ,  can  move 
o b j e c t s .  
Genera t ion  o f  a  S t a t e  Space f o r  an O b j e c t  of  Any Shape 
- -  -- -
A s  s t a t e d  p r e v i o u s l y ,  a  s t a t e  s p a c e  can d e s c r i b e  a  
m a n i p u l a t i o n  t a s k ,  and a  s h o r t e s t  p a t h  a l g o r i t h m  can f i n u  
t h e  s o l u t i o n  o f  a  m a n i p u l a t i o n  t a s k  by f i n d i n g  a  p a t h  
th rough  t h e  s t a t e  space .  The s t a t e  s p a c e  method i s  used  
t o  f i n d  s o l u t i o n s  t o  s i m p l e  t a s k s ,  and t h e  s o l u t i o n s  of  
s e v e r a l  s i m p l e  t a s k s  a r e  c o n c a t e n a t e d  t o  form t h e  s o l u t i o n  
of  a complex m a n i p u l a t i o n  t a s k .  The TASK TREE o r d e r s  t h e  
s i m p l e  t a s k s  s o  t h e i r  combined s o l u t i o n s  form t h e  s o l u t i o n  
t o  t h e  complex t a s k .  T h i s  i s  d e s c r i b e d  i n  t h i s  and t h e  f o l -  
lowing c h a p t e r s .  
The f i r s t  s t e p  toward f i n d i n g  t h e  s o l u t i o n  o f  a  s imple  
m a n i p u l a t i o n  t a s k  i s  t h e  g e n e r a t i o n  of  a  s t a t e  space .  To 
g e n e r a t e  t h e  s t a t e  s p a c e ,  t h e  sys tem f i r s t  needs  a  d e s c r i p -  
t i o n  of  t h e  p h y s i c a l  s p a c e  ana  of t h e  o b j e c t  t o  be moved. 
These d e s c r i p t i o n s  depend i n  some p a r t  on t h e  exact -  
n e s s  w i t h  which t h e y  a r e  made. The e x a c t n e s s  o r  p r e c i s i o n  w i t h  
which t h e  s p a c e  i s  d e s c r i b e d  w i l l  be c a l l e d  t h e  " q u a n t i z a t i o n 1 '  
o r  " r e t i c u l a t i o n 1 '  o f  t h e  s p a c e .  I f  t h e  q u a n t i z a t i o n  i s  ve ry  
f i n e ,  many s u r f a c e  i r r e g u l a r i t i e s  o f  t h e  o b j e c t s  i n  t h e  space  
w i l l  be i nc luded  i n  t h e  d e s c r i p t i o n .  A l l  t h i s  i n fo rma t ion  
p robab ly  i s  n o t  n e c e s s a r y ,  On t h e  o t h e r  hand, i f  t h e  s c a l e  
of  q u a n t i z a t i o n  i s  c o a r s e ,  n o t  enough i n fo rma t ion  abou t  ob- 
j e c t s '  shapes  w i l l  be known f o r  good system performance.  
An o b j e c t  cou ld  n o t  be g r a sped  o r  pushed r e l i a b l y ,  f o r  ex-  
ample. The s c a l e  o f  q u a n t i z a t i o n  i s  p robab ly  b e s t  d e t e r -  
mined a f t e r  a  t a s k  has  been s p e c i f i e d .  Accordingly ,  t h i s  
system has  no s p e c i f i e d  q u a n t i z a t i o n  s c a l e .  (However, t h e  
q u a n t i z a t i o n  s c a l e  f o r  t h e  demons t r a t i on  i s  c o n s t a n t , )  
For t h i s  sys tem,  t h e  d e s c r i p t i o n  o f  t he  space  i s  
an i n p u t .  I n  o t h e r  sys tems ,  i t  may be d e s i r a b l e  f o r  t h e  
system t o  be a b l e  t o  p r ov ide  i t s e l f  w i t h  t h e  d e s c r i p t i o n  
of  t h e  t a s k  s i t e .  The i n p u t  would be some lower l e v e l  ( l e s s  
p r o c e s s e d ) ,  more r e a d i l y  a v a i l a b l e  i n f o r m a t i o n  from t h e  
space .  For example,  i t  might  be d e s i r a b l e  t o  p rov ide  t h e  
system w i t h  t h e  a b i l i t y  t o  "see." See ,  f o r  example, 
2 3  NAecognizing Convex Blobs," by J. Sk lansky ,  o r  t h e  s e c -  
t i o n s  on A r t i f i c i a l  i n t e l l i g e n c e  i n  N. I. T, P r o j e c t  M.A.C. 
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A l t e r n a t i v e l y ,  i t  may be d e s i r a b l e  f o r  t h e  sys tem t o  
be a b l e  t o  unde r s t and  a  N a t u r a l  Language d e s c r i p t i o n  o f  t h e  
space .  See t h e  Simmonds2' a r t i c l e  f o r  numerous r e f e r e n c e s .  
I n  t h e  p r e s e n t  sys tem,  a  s p a c e  i s  d e s c r i b e d  i n  te rms 
o f  X-Y c o o r d i n a t e s .  An o b j e c t ' s  p o s i t i o n  i s  i d e n t i f i e d  by 
r e f e r e n c e  t o  i t s  "base  l o c a t i o n , "  a  l o c a t i o n  on an o b j e c t  
t h a t  i s  s p e c i f i c a l l y  d e s i g n a t e d .  The b a s e  l o c a t i o n  occu- 
p i e s  a  s q u a r e  on t h e  o b j e c t ,  one q u a n t i z a t i o n  u n i t  on a  s i d e .  
A s  most o b j e c t s  w i l l  be l a r g e r  t h a n  t h i s ,  t h e  remainder  o f  
t h e  o b j e c t  i s  d e s c r i b e d  by s p e c i f y i n g  t h e  o t h e r  l o c a t i o n s  t h e  
o b j e c t  o c c u p i e s .  F i g u r e  34-a i s  t h e  drawing of  an  o b j e c t .  
F igure  34-b i s  t h e  l i s t  o f  l o c a t i o n s  t h e  o b j e c t  o c c u p i e s  and 
t h e  s p e c i f i e d  base  l o c a t i o n .  F i g u r e  34-c i s  t h e  computer i n -  
t e r p r e t a t i o n  o f  t h e  o b j e c t ' s  shape .  The computer d e s c r i p -  
t i o n  l a c k s  much o f  t h e  i n f o r m a t i o n  g i v e n  by t h e  drawing of 
t h e  o b j e c t .  But i t  does g i v e  t h e  sys tem something t o  work 
w i t h ,  and t h e  computer d e s c r i p t i o n  o f  o b j e c t s  i s  n o t  a  g o a l  
o f  t h i s  t h e s i s .  
We want t o  g e n e r a t e  a s t a t e  s p a c e  t o  d e s c r i b e  t h e  
motion o f  an o b j e c t  i n  a  p h y s i c a l  s p a c e .  The f i r s t  s t e p  i s  
t o  g e t  a  computer  d e s c r i p t i o n  o f  t h e  p h y s i c a l  s p a c e ,  e x c l u d -  
i n g  t h e  o b j e c t  t o  be moved. The n e x t  s t e p  i s  t o  use  t h e  
d e s c r i p t i o n  o f  t h e  o b j e c t  t o  be moved. Then t h e  o b j e c t ' s  
base  l o c a t i o n  i s  p u t  a t  e v e r y  l o c a t i o n  i n  t h e  p h y s i c a l  s p a c e ,  
e v e r y  node o r  s t a t e  i n  t h e  s p a c e .  I f  any p a r t  o f  t h e  o b j e c t  
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i s  on an  immovable o b j e c t ,  o r  o u t  o f  t he  space ,  a  f l a g  i s  
s e t  t h a t  s a y s  t h e  o b j e c t  canno t  occupy t h i s  s t a t e .  Th i s  
s t a t e  becomes a  f o rb idden  node. If  t h e  o b j e c t  i s  "on" a  
movable o b j e c t ,  t h i s  i s  i n d i c a t e d  by c a l c u l a t i n g  an  e x t r a  
c o s t  f o r  moving t o  t h i s  node from each  o f  i t s  ne ighbors .  
This  " e x t r a  c o s t "  i s  used t o  make t h e  system behave i n  a  
" d e s i r a b l e t '  way. An example o f  " d e s i r a b l e "  behav ior  is 
"it i s  b e t t e r  t o  go around an o b j e c t  t h a n  t o  move th rough  
t h e  space  occup ied  by it." The q u e s t i o n  i s ,  how f a r  i s  one 
w i l l i n g  t o  go t o  avo id  moving th rough  an o b j e c t ?  The answer 
depends on how d i f f i c u l t  t h e  o b j e c t  i s  t o  move. For example, 
most peop le  w i l l  n o t  walk more than  a  few f e e t  o u t -  o f  t h e i r  
way t o  avo id  moving a l i g h t  c h a i r .  But most peop le  would 
r a t h e r  walk a  moderate d i s t a n c e  t h a n  have t o  move a  l a r g e  
t a b l e .  Th i s  " e x t r a  c o s t "  i s  made p r o p o r t i o n a l  t o  t h e  s i z e  
o f  t h e  o b j e c t .  
The r e a d e r  may be d i s t u r b e d  t h a t  t h e  system can 
move one o b j e c t  th rough  t h e  space  occup ied  by ano the r .  
A c t u a l l y ,  t h e  sys tem w i l l  n o t  do t h i s .  What i t  can do i s  t o  
p l a n  t o  move one o b j e c t  th rough  t h e  space  ano the r  o b j e c t  
occup i e s .  Th i s  i s  analogous  t o  t h e  way one might  p l a n  t o  
move a  l a r g e  p i e c e  of f u r n i t u r e  o u t  o f  t h e  house. F i r s t ,  t h e  
b e s t  p a t h  o u t  o f  t h e  house is  e s t i m a t e d ,  and a l i s t  o f  t n e  
c h a i r s ,  t a b l e s ,  e t c . ,  t h a t  need t o  be moved o u t  o f  t h e  way 
i s  made. These a r e  moved o u t  o f  t h e  way, and t h e n  t h e  l a r g e  
p i e c e  o f  f u r n i t u r e  i s  moved. The f u r n i t u r e  mover p l a n s  t o  
move one p i e c e  o f  f u r n i t u r e  th rough  t h e  space  occup ied  by 
o t h e r s ,  t h e  same way t h e  sys tem does .  
The f l a g  f o r  t h e  o b j e c t  be ing  "on" a  f i x e d  o b j e c t  
and t h e  e x t r a  c o s t  i n f o r m a t i o n  a r e  a l l  t h e  i n f o r m a t i o n  
needed from t h e  p h y s i c a l  space .  A s  d e s c r i b e d ,  t h e  s t a t e  
space  is  a  mapping o f  p h y s i c a l  space .  However, t h e r e  must 
be more i n f o r m a t i o n  i n  t h e  s t a t e  s p a c e  t o  d e s c r i b e  how t h e  
o b j e c t  i s  t o  be moved. We need a n  added dimension i n  t h e  
s t a t e  s p a c e ,  which has  f i v e  v a l u e s :  one t o  d e n o t e  t h a t  t h e  
o b j e c t  i s  be ing  g r a s p e d ,  and one f o r  e a c h  o f  t h e  f o u r  push 
d i r e c t i o n s  ('x, 'Y). This  i s  t h e  minimum s e t  needed t o  de -  
s c r i b e  motion o f  t h e  o b j e c t .  The a x i s  f o r  t h i s  d imension i s  
named t h e  G a x i s .  The comple te  s t a t e  s p a c e  f o r  moving a n  ob- 
j e c t  c o n s i s t s  o f  t h e  s e t  of  nodes  G,Y,b} which s p e c i f i e s  
an  o b j e c t ' s  p o s i t i o n  i n  X - Y s p a c e ,  and how t h e  jaws a r e  i n  
c o n t a c t  w i t h  t h e  o b j e c t .  
The s t a t e  s p a c e  t h a t  d e s c r i b e s  t h e  jaw's  mot ion  i s  
t h e  same a s  an o b j e c t ' s  s t a t e  s p a c e ,  e x c e p t  f o r  one d i f f e r -  
ence.  The jaw's  s t a t e  s p a c e  does  n o t  need a  d imension t o  
i n d i c a t e  how t h e y  a r e  moved. But t h e  jaw's  s t a t e  s p a c e  does  
need a  d imens ion  t o  d e s c r i b e  t h e i r  open ing  and c l o s i n g .  A 
node i n  t h e  j a w ' s  s t a t e  s p a c e  d e f i n e s  v a l u e s  f o r  t h e  X 
c o o r d i n a t e ,  t h e  Y c o o r d i n a t e ,  and how f a r  open t h e  jaws a r e ,  
t h e  A c o o r d i n a t e .  The j aw ' s  s t a t e  s p a c e  i s  g e n e r a t e d  i n  t h e  
same way a s  an o b j e c t ' s  s t a t e  s p a c e .  
'I'he s t a t e  s p a c e  t h a t  d e s c r i b e s  t h e  jaw's  motion i s  
used  when t h e  jaws a r e  n o t  i n  c o n t a c t  w i t h  t h e  o b j e c t .  Th i s  
s t a t e  s p a c e  i s  used  t o  f i n d  t h e  p a t h  t n e  jaws t a k e  t o  g e t  t o  
t h e  o b j e c t  i n i t i a l l y ,  t o  change from a  g r a s p  p o s i t i o n  t o  a  
push  p o s i t i o n ,  o r  t o  change  p u s h  p o s i t i o n s .  
hIoving an O b j e c t  from i t s  I n i t i a l  t o  a  F i n a l  P o s i t i o n  
- -- - -  
' ihe A* Algor i thm d i s c u s s e u  i n  t h e  p r e v i o u s  s e c t i o n  
f i n d s  t h e  p a t h  f o r  t h e  o b j e c t .  I h e  i rnplernentat ion p r o c e d u r e  
i s  s t r a i g h t f o r w a r d  and s i m p l e ,  b u t  because  o f  t h e  way push  
and g r a s p  p o s i t i o n s  a r e  r e c o r d e d ,  t h e r e  i s  a  p o s s i b i l i t y  o f  
t r a p p i n g  t h e  jaws. F i g u r e  35 i s  an  example o f  a  t a s k  i n  
which t h e  jaws g e t  t r a p p e d  moving an o b j e c t .  ?he s y s t e m ' s  
s o l u t i o n  f o r  t h i s  problem,  a s  t h e  s y s t e m  h a s  been d e s c r i b e d  
t o  t h i s  p o i n t ,  would be f o r  t h e  jaws t o  g r a s p  t h e  r i g h t  "arm" 
o f  o b j e c t  A and move i t  t o  t h e  r i g h t  t o  i t s  f i n a l  p o s i t i o n .  
The jaws would be t r a p p e d ,  and c o u l d  n o t  r e t u r n  t o  t h e i r  s p e -  
c i f i e d  f i n a l  p o s i t i o n ;  t h e  t a s k  a s  s p e c i f i e d  c o u l a  n o t  b e  
comple ted .  
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Figure 35-b 
To p r e v e n t  t h e  jaws f rom g e t t i n g  t r a p p e d ,  two s h o r t -  
e s t  p a t h  a l g o r i t h m s  a r e  u s e d ,  one s t a r t i n g  from t h e  o b j e c t ' s  
i n i t i a l  p o s i t i o n  g o i n g  toward  i t s  f i n a l  p o s i t i o n ,  t h e  o t h e r  
s t a r t i n g  from t h e  o b j e c t ' s  f i n a l  p o s i t i o n  and  g o i n g  toward  
i t s  i n i t i a l  p o s i t i o n .  The t e r n ~ i n a t i o n  c r i t e r i a  a r e  
1 )  t h a t  a  p a t h  h a s  been  found  from t h i s  p o i n t  
( a n y  p o i n t  i n  t h e  s p a c e  which t h e  s h o r t e s t  
p a t h  a l g o r i t h m  i s  c u r r e n t l y  c o n s i u e r i n g  
e x p a n d i n g )  t o  t h e  o b j e c t ' s  i n i t i a l  p o s i t i o n  
a n d  t o  t h e  o b j e c t ' s  f i n a l  p o s i t i o n ;  and 
2 )  t h a t  w i t h  t h e  o b j e c t  a t  t h i s  p o i n t ,  t h e  jaws can  
g e t  f rom t h e i r  p o s i t i o n  a s  d e f i n e d  i n  one  
s h o r t e s t  p a t h  a l g o r i t h m  t o  t h e i r  p o s i t i o n  a s  
d e f i n e d  i n  t h e  o t h e r  s h o r t e s t  p a t h  a l g o r i t h m .  
I n  t h e  p r e v i o u s  s e c t i o n ,  c o n d i t i o n s  were g i v e n  f o r  t e r m i n a t -  
i n g  a  s e t  o f  s h o r t e s t  p a t h  a l g o r i t h m s .  These c o n d i t i o n s  a r e  
p u r e l y  m a t h e m a t i c a l  and do  n o t  a l l o w  f o r  t h e  above problem.  
because  o f  c o n s t r a i n t  2 f rom a b o v e ,  t h e  o v e r a l l  p a t h  
may n o t  be o p t i m a l ;  b u t ,  t h e  p a t h  t h a t  i s  found  w i l l  b e  n e a r -  
o p t i m a l ,  and e a c h  of  t h e  two segmen t s  w i l l  b e  o p t i m a l .  In  
g e n e r a l ,  t h i s  i s  good enough,  a s  a  n e a r - o p t i m a l  p a t h  w i l l  
g e t  t h e  o b j e c t  moved i n  a  r e a s o n a b l e  manner.  
I n  a l l  c a s e s ,  t h o u g h ,  it i s  n o t  n e c e s s a r y  t o  have  
t h e  two s h o r t e s t  p a t h  a l g o r i t h m s  runn ing  a t  e ach  o t h e r .  I n  
t a s k s  where t h e  jaws canno t  g e t  t r apped ,  on ly  one a l g o r i t h m  may 
be used. U n f o r t u n a t e l y ,  i t  i s  d i f f i c u l t  t o  de te rmine  whether  
t h e  jaws w i l l  be t r a p p e d  when moving an  o b j e c t  t o  a  s p e c i f i e d  
p o s i t i o n .  Hence, a  t e s t  t h a t  i s  e a s i e r  t o  implement,  b u t  i s  
more r e s t r i c t i v e ,  i s  used. The t e s t  de te rmines  i f  e i t h e r  t h e  ob- 
j e c t ' s  i n i t i a l  p o s i t i o n  o r  i t s  f i n a l  p o s i t i o n  i s  a  Temporary Lo- 
c a t i o n .  I f  e i t h e r  i s ,  t h e  sys tem s t a r t s  one a l g o r i t h m  t h a t  runs  
toward t h e  p o s i t i o n  t h a t  i s  t h e  Temporary Locat ion.  I f  bo th  
p o s i t i o n s  a r e  Temporary Loca t i ons ,  t h e  sys tem s t a r t s  t h e  a l g o r -  
i thm a t  t h e  i n i t i a l  p o s i t i o n .  I f  n e i t h e r  p o s i t i o n  i s  a  Tem- 
po ra ry  Loca t ion ,  t h e  sys tem s t a r t s  t h e  a l g o r i t h m  from both  ends .  
When t h e  sys tem moves an  o b j e c t  t o  an Out o f  t h e  Way 
P l ace ,  a  d i f f e r e n t  v e r s i o n  o f  t h e  A* Algor i thm i s  used. F i r s t ,  
t h e  f i n a l  l o c a t i o n  i s  gua ran t eed  t o  be a  Temporary Loca t i on ;  s o  
on ly  one a l g o r i t h m  i s  used. I t  s t a r t s  from t h e  o b j e c t ' s  s t a r t -  
i n g  p o s i t i o n .  Second, t h e  sys tem has  no way o f  knowing - a  
p r i o r i  t h e  b e s t  Out of  t h e  Way P l ace .  Hence, fi (o: )cannot  
be c a l c u l a t e d  a s  t h e  t e r m i n a l  p o i n t ,  t ,  i s  n o t  known. So a  
modi f i ed  A* Algor i thm i s  used ,  which s e t s  G c ~ c ) = o  f o r  a l l  d. . 
This  i s  t h e  Flooding Algor i thm d e s c r i b e d  i n  t h e  p r e v i o u s  chap- 
t e r .  Th i s  method f i n d s  t h e  Out o f  t h e  Way P l ace  t h a t  i s  t h e  
cheapes t  t o  move t h e  o b j e c t  t o .  
D i s c o v e r i n g  Which O b j e c t s  Are --- i n  t h e  Way 
I n  sorne cases . ,  t h e  s h o r t e s t  p a t h  a l g o r i t h m  p l a n s  
a  p a t h  t h a t  r e q u i r e s  moving an o b j e c t  t h r o u g h  t h e  s p a c e  
o c c u p i e d  by one o r  more o t h e r  o b j e c t s .  I n  t h e s e  c a s e s ,  
t h e  o b j e c t  i s  n o t  moved, b u t  a  l i s t  i s  made o f  t h o s e  ob-  
j e c t s  which a r e  i n  t h e  p lanned  p a t h ,  and t a s k s  a r e  g e n e r -  
a t e d  t o  move t h e s e  o b j e c t s  o u t  o f  t h e  way. P l a n n i n g  t o  
move one o b j e c t  t h r o u g h  t h e  s p a c e  o c c u p i e d  by a n o t h e r  i s  
t h e  way t h e  s y s t e m  d i s c o v e r s  which o b j e c t s  must be moved 
o u t  o f  t h e  way. 
The Out o f  t h e  Way P l a c e  f o r  an o b j e c t  i s  found i n  
t h e  f o l l o w i n g  way. Say t h e  sys t em i s  g i v e n  a  t a s k  a s  d e -  
s c r i b e d  by t h e  I n i t i a l  and F i n a l  p o s i t i o n s  o f  f i g u r e  3 6 .  
The a s p e c t  o f  t h i s  t a s k  t o  be n o t i c e d  i s  t h a t  t h e  sys t em 
h a s  t o  move B t o  an  Out o f  t h e  Way P l a c e .  The sys t em goes  
th rough  t h e  f o l l o w i n g  s t e p s .  I t  a t t e m p t s  t o  move A t o  i t s  
f i n a l  p o s i t i o n .  I t  c h e c k s  o v e r  t h e  p a t h  i t  p lanned  f o r  mov- 
i n g  A and d i s c o v e r s  t h a t  t h e  p l a n n e d  p a t h  i n c l u d e s  s p a c e  
o c c u p i e d  by B ,  and t h a t  B must  be moved s o  t h a t  i t  w i l l  n o t  
be i n  A ' s  p a t h .  The sys t em must  move B t o  an Out o f  t h e  Way 
P l a c e .  The c r u c i a l  p o i n t  o f  f i n d i n g  an Out o f  t h e  Way P l a c e  
i s  remembering t h e  p l a n n e d  p a t h ,  i . e . ,  a l l  t h e  l o c a t i o n s  o v e r  
which A i s  moved, i n c l u d i n g  i t s  i n i t i a l  and f i n a l  p o s i t i o n s .  
Task In which B must 
bg moved out of A ' s  
planned path  
Figure 36-a 
The s y s t e m  remembers t h i s  p a t h ,  a l l  t h e  l o c a t i o n s ,  a s  a  
durnmy o b j e c t  A ' .  'l'he s y s t e m  t h e n  moves U t o  a n  Out o f  t h e  
hay P l a c e ,  a  Temporary L o c a t i o n  g i v e n  t h e  dummy o b j e c t  A ' .  
(The s y s t e m  d o e s  all.ow movement o v e r  k t ,  b u t  n c t  A ,  w i t h o u t  
w o r r y i n g  t h a t  A '  o u g h t  t o  be moved b e f o r e  B i s  moved.) I n  
some c a s e s  t h e r e  may be a  g r e a t  number o f  p a t h s  t h a t  have  
been p l a n n e d ,  and  an  e q u i v a l e n t  number o f  dummy o b j e c t s .  
An Out o f  t h e  h'ay P l a c e  i n  t h e s e  c a s e s  would be  a Temporary 
L o c a t i o n ,  g i v e n  a l l  t h e  dummy o b j e c t s .  
The r u l e  t h a t  an  o b j e c t  mus t  be  moved t o  a  Temporary 
L o c a t i o n  a s  an  Out o f  t h e  Way P l a c e  i s  o v e r l y  r e s t r i c t i v e .  
'10 move t h e  o b j e c t  t o  a  l o c a t i o n  where i t  i s  no  l o n g e r  on 
t h e  s p a c e  o c c u p i e d  by any o f  t h e  dummy o b j e c t s ,  i n  t h e  l a r g e  
m a j o r i t y  o f  c a s e s ,  would be s a t i s f a c t o r y .  i3ut i f  t h i s  r u l e  
i s  u s e d ,  t h e r e  w i l l  be c a s e s  i n  wh ich  an o b j e c t  i s  moved t o  
a  p o s i t i o n  f rom which i t  c a n n o t  be  removed, and  l a t e r  i n  t h e  
t a s k ,  t h e  n e e d  may a r i s e .  k e q u i r i n g  t h a t  t h e  o b j e c t  be IlloVed 
t o  a l 'emporary L o c a t i o n  g u a r a n t e e s  t h a t  it c a n  be moved l a t e r  
i f  n e c e s s a r y .  
F i n d i n g  t h e  Orde r  i n  Which t o  Move S e v e r a l  O b j e c t s  t o  
- - -- - 
F i n a l  P o s i t i o n s  
?'he s y s t e m ,  a s  d e s c r i b e d ,  works v e r y  w e l l  u n p i l i n g  a  
s t a c k  o f  o b j e c t s .  b u t  a s  s o  f a r  d e s c r i b e d ,  i t  h a s  no  way t o  
p u t  more t h a n  one o b j e c t  a t  a  s p e c i f i e d  f i n a l  p o s i t i o n .  Po 
overcome t h i s  d e f i c i e n c y ,  t h e  a b i l i t y  o f  t h e  sys t em t o  un- 
p i l e  s t a c k s  o f  o b j e c t s  w i l l  be used  t o  f i n d  t h e  o r d e r  t o  p u t  
them i n t o  a  s p e c i f i e d  p i l e .  To accolnpl i sh  trlis, trle t a s k  i s  
r e v e r s e d ;  t h a t  i s ,  t h e  t ime  s e n s e  o f  t h e  t a s k  i s  r e v e r s e d  alld 
i t  r u n s  froin f i n i s h  t o  s t a r t .  The o b j e c t s  w i t h  s p e c i f i e d  f i n a l  
p o s i t i o n s  a r e  moved from t h e i r  f i n a l  p o s i t i o n s  t o  t n e i r  i n i t i a l  
p o s i t i o n s .  O b j e c t s  t h a t  have no  d e s i g n a t e d  f i n a l  p o s i t i o n s  
remain a t  t h e i r  i n i t i a l  p o s i t i o n s .  (See Appendix 6 f o r  t h e  
s o l u t i o n  of  a  problem t h i s  method p o s e s . )  The TASK 'l'hhk a s  
p r e v i o u s l y  d e s c r i b e d  i s  u s e d  t o  keep t r a c k  o f  t h e  o r d e r  t h e  
o b j e c t s  a r e  moved. A s  t h e r e  a r e  no  g r a v i t y  e f f e c t s ,  s p r i n g s ,  
c l i p s ,  e t c . ,  and t h e  tirne s e n s e  o f  t h e  t a s k  i s  r e v e r s e d ,  t h e  
o r d e r  t h a t  o b j e c t s  a r e  taKen o u t  o f  t h e  p i l e  i s  t h e  r e v e r s e  
o f  t h e  o r d e r  t h a t  t h e y  would have  t o  be p u t  i n t o  t h e  p i l e .  
The sys t em remembers t h e  o r d e r  t h e  o b j e c t s  a r e  moved fro111 
-
f i n a l  p o s i t i o n s .  Once an o b j e c t  i s  inoved from i t s  f i n a l  
p o s i t i o n ,  i t  c a n  b e  moved any p l a c e  where i t  w i l l  n o t  i n t e r -  
f e r e  w i t h  moving t h e  o t h e r  o b j e c t s .  'I'he e a s i e s t  t h i n g  t o  do  
i s  t o  make t h e  o b j e c t  d i s a p p e a r  from t h e  s y s t e m ' s  i n t e r n a l  
model o f  t h e  s p a c e .  
The sys t em s e t s  up t h e  'I'ASIC TREk f o r  moving o b j e c t s  t o  t h e i r  
f i n a l  p o s i t i o n s  by p u t t i n g  t h e  t a s k s  on t h e  'I'ASK IkLL i n  a  
s i n g l e  s t a c k  i n  t h e  r e v e r s e  o f  t h e  o r d e r  found above. ' ihen, 
a s  e a c h  o b j e c t  i s  moved t o  i t s  f i n a l  p o s i t i o n ,  i t  i s  s e t  a s  
immovable t o  i n s u r e  t h a t  t h e  sys tem won' t  move i t  o u t  of  t h e  
way oP some o t h e r  o b j e c t .  
A f t e r  e a c h  o b j e c t  i s  moved t o  i t s  f i n a l  p o s i t i o n ,  
a  check i s  made t o  d e t e r m i n e  i f  any o t h e r  o b j e c t  w i t h  a s p e -  
c i f i e d  f i n a l  p o s i t i o n  h a s  been moved. I f  one h a s ,  t h e n  t h e  
o r d e r  i n  which t h e  r ema in ing  o b j e c t s  a r e  moved t o  t h e i r  f i n a l  
p o s i t i o n s  must  be r e c a l c u l a t e d .  The r e a s o n  f o r  t h i s  i s  a s  
f o l l o w s .  Suppose t h a t  when t h e  sys t em f i r s t  d e t e r m i n e s  t h e  
o r d e r  t o  move o b j e c t s  t o  t h e i r  f i n a l  p o s i t i o n s ,  s e v e r a l  
o b j e c t s '  i n i t i a l  p o s i t i o n s  a r e  a l s o  t h e i r  f i n a l  p o s i t i o n s .  
l h e  sys t em c a n n o t  d e t e r m i n e  t h e  o r d e r  t o  move t h e s e  o o j e c t s  
a s  i t  d o e s n ' t  have t o  move them. L a t e r ,  d u r i n g  t h e  t a s k ,  one 
o r  more o f  t h e s e  o b j e c t s  i s  moved o u t  of  t h e  way. how t h e  
o b j e c t s '  f i n a l  p o s i t i o n s  and p r e s e n t  p o s i t i o n s  ( t h e i r  p r e s e n t  
i n i t i a l  p o s i t i o n s )  a r e  d i f f e r e n t ,  and t h e  sys t em must  d e t e r m i n e  
an o r d e r  f o r  moving them t o  t h e i r  f i n a l  p o s i t i o n s .  
I11 summary, t h e  p a r t  o f  t h e  s y s t e ~ i l  t h a t  d e t e r m i n e s  
t h e  o r d e r  o f  moving s e v e r a l  o b j e c t s  t o  f i n a l  p o s i t i o n s  works 
a s  f o l l o w s .  The sys t em d e t e r m i n e s  an o r d e r ,  p u t s  t h i s  on t h e  
TASK 'LKEE, t h e n  lnoves o b j e c t s  u n t i l  t h e  f i r s t  o b j e c t  i s  
moved t o  i t s  f i n a l  p o s i t i o n .  'l'hen t h e  sys t em checks  i f  
any o t h e r  o b j e c t s  w i t h  s p e c i f i e d  f i n a l  p o s i t i o n s  were moved. 
I f  t h e y  were ,  t h e  systern d e t e r m i n e s  an o r d e r  f o r  t h e  r e -  
main ing  o b j e c t s ,  and c o n t i n u e s .  In  a  w o r s t  c a s e ,  a f t c r  
moving e a c h  o b j e c t  t o  i t s  f i n a l  p o s i t i o n ,  t h e  sys t em would 
have t o  recompute t h e  o r d e r  f o r  moving t h e  r ema in ing  o b j e c t s  
t o  t h e i r  f i n a l  p o s i t i o n s .  But as t h e r e  c a n  b e  o n l y  a f i n i t e  
number o f  o b j e c t s  i n  a  f i n i t e  s p a c e ,  t h e  sys t em w i l l  comple te  
t h e  t a s k .  
C h a p t e r  V - c a p a b i l i t y  -- o f  'l 'his System t o  F ind  S o l u t i o n s  
-- 
i n  t h i s  c h a p t e r ,  t y p e s  o f  t a s k s  f o r  which t h i s  s y s t e m  
w i l l  f i n d  s o l u t i o n s  w i l l  be d i s c u s s e d .  For  t h e  d i s c u s s i o n ,  
r e s t r i c t i o n s  p r e v i o u s l y  e x p l a i n e d  w i l l  be assumed t o  h o l d .  
he b e g i n  by i n v e s t i g a t i n g  t h o s e  t a s k s  f o r  which  t h e  s y s t e m  
might  n o t  f i n d  s o l u t i o n s .  
Lasks f o r  Which t h e  System i s  i o t  .Assured o f  F i n d i n g  S o l u t i o n s  
- - -- -
B e f o r e  b e g i n n i n g  t h e  e x p l a n a t i o n ,  Connec ted  Out o f  t n e  
--- 
P l a c e s  must  be d e f i n e d .  To a i d  i n  t h e  d e f i n i t i o n ,  a  
s i m p l e  example w i l l  b e  u sed .  Say t h e  s y s t e m  i s  p l a n n i n g  t o  
move o b j e c t  A ,  and  f i n d s  t h a t  o b j e c t  B must f i r s t  be  nioved 
o u t  o f  t h e  way. b i s  moved t o  Out o f  t h e  Yay P l a c e  X 1 .  1.n. 
t h e  s p a c e  t h e r e  i s  a n o t h e r  Out o f  t h e  Kay P l a c e  X Z .  A 1  and  
X2 a r e  Connec ted  o n l y  i f  h c a n  be moved from L1 t o  XZ a f t e r  
A i s  lnoved t o  i t s  f i n a l  p o s i t i o n ,  w i t h o u t  h a v i n g  t o  move A. 
I n  g e n e r a l ,  two Out o f  t h e  hay  P l a c e s ,  ~1 and X 2 ,  a r e  
Connec ted  o n l y  i f  a n  o b j e c t  c a n  be moved f rom one  t o  t h e  
o t h e r  w i t h o u t  h a v i n g  t o  move any  o b j e c t s  t h a t  a r e  i n  t h e i r  
f i n a l  p o s i t i o n s .  ~ G o t e  t h a t  what  m i g h t  be Connec ted  Out of  
t h e  hay P l a c e s  f o r  one o b j e c t  migh t  n o t  be Connec ted  Out o f  
t h e  hay  P l a c e s  f o r  a n o t h e r  o b j e c t .  
Two c o n t r a s t i n g  examples fol low.  F igure  37-a shows 
an i n i t i a l  p o s i t i o n  and f i g u r e  37-b t h e  f i n a l  p o s i t i o n .  I n  
t h i s  t a s k ,  a l l  Out o f  t h e  Way P laces  i n  t h e  space a r e  connected,  
In  f i g u r e  38 ,  o b j e c t s  Y and Z a r e  f i xed .  F igure  38-a 
shows t h e  I n i t i a l  P o s i t i o n s  and f i g u r e  38-b t h e  F i n a l  Pos i -  
t i o n ,  I n  t h i s  t a s k ,  Out of  t h e  Way P laces  X 1  and X 2  a r e  n o t  
connected.  B cannot  be moved from one t o  t h e  o t h e r  a f t e r  A 
is  moved t o  i t s  f i n a l  p o s i t i o n .  Tile s i t u a t i o n  shown i n  
f i g u r e  38 l e a d s  t o  a  t a s k  t he  system cannot  so lve .  Tile i n -  
i t i a l  p o s i t i o n  cou ld  be a s  shown i n  f i g u r e  38-a ,  w i t 1 1  t i ~ ~  
f i n a l  p o s i t i o n  shown i n  f i g u r e  36-c. 
I'he s o l u t i o n  t o  t h i s  t a s k  i s  t o  move i3 t o  the  l o f t ,  
then A t o  t he  r i g h t ,  t hen  rilove I; t o  an Out of  t he  Kay Place  
on the  r i g h t  s i d e  o f  Y and L ,  Then move A t o  i t s  S i n a l  
p o s i t i o n ,  then B t o  i t s  f i n a l  p o s i t i o n .  Ihe key t o  s o l v i n g  
t h i s  t a s k  i s  moving B from t h e  l e f t  s i d e  of  Y and Z t o  t h e  
r i g h t  s i d e .  This s t e p  moves B t o  an Out o f  t h e  Way P lace  
from which t h e  t a s k  can be so lved .  'The l e f t  and r i g h t  s i u e s  
of Y and Z w i l l  n o t  be Connected Out o f  t h e  ??ay P l aces  a f t e r  
X i s  p u t  i n t o  i t s  f i n a l  p o s i t i o n .  A s o l u t i o a  i s  y o s s i b l e  
only  i f  B i s  i n  t h e  s e t  of Connected Out of  t h e  Way Places  
t o  t he  r i g h t  of  Y and Z. 
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Task in which a l l  Out of 
the Nay Places are  not 
connected 
_Z?,fjh/ 2 s ; f  ions  
Figure 38-a 
Figure 38-b 
i'inal kositions of a task that the demonstration system 
cannot solve 
Tile sys tem rqould a t t t l ~ i i p t  t o  s o l v e  t h e  problem a s  
f o l l o w s .  H would be moved t o  t h e  r i g h t ,  t h e n  A would be 
moved t o  i t s  f i n a l  p o s i t i o n  and s e t  immovable. ' ihe s y s t e r i ~  
i s  now b locked .  I t  w i l l  n o t  be a b l e  t o  move d t o  i t s  
f i n a l  p o s i t i o n .  Ao te ,  i i  A were n o t  s e t  i ~ i ~ ~ u o v a b l e  t i le s y s -  
tem would be s t u c k  i n  an e n a l e s s  l o o p ,  nov ing  one o b j e c t  
o u t  o f  t n e  way, t h e  second  t o  i t s  f i n a l  p o s i t i o n ,  t h e n  
Out o f  t h e  i$ay a g a i n ,  t n e n  t h e  f i r s t  t o  i t s  f i n a l  p o s i t i o n ,  
and s o  on. 
& h a t  t h e  s y s t e m  n e e d s  t o  s o l v e  p r o ~ l e m s  01 t h i s  t y p e  
i s  a  r o u t i n e  t h a t  d i v i d e s  Out o f  t h e  Way P l a c e s  i n t o  Con- 
n e c t e d  s e t s ,  and d e t e r m i n e s  which o f  tile s e t s  of  Connected 
Out o f  t h e  Way P l a c e s  a r e  a c c e p t a b l e  f o r  , s o l v i n g  t h e  t a s k .  
I t  i s  p o s s i b l e  f o r  t n e  systeni  t o  s o l v e  t a s k s  t h a t  
have non-Connected Out o f  t h e  Way P l a c e s .  But t h e  sys t em 
c a n  f a i l  i f  t h e  t a s k  i s  s u c h  t h a t  t n e  s y s t e m  d o e s n ' t  nap-  
pen t o  f i n d  t h e  s o l u t i o n .  
I n  c a s e s  where  t h e  sys t em w i l l  n o t  f i n d  s o l u t i o n s ,  
t h e  o p e r a t o r  c a n  g i v e  t h e  s y s t e ~ n  a  sequence  o f  i n t e r m e d i a t e  
f i n a l  p o s i t i o n s  b e f o r e  he g i v e s  i t  t h e  a e s i r e d  f i n a l  p o s i t i o n s .  
? h i s  method g u i d e s  t h e  sys t em toward  t h e  s o l u t i o n .  I n  t i le  c a s e  
of  t h e  t a s k  s p e c i f i e d  by f i g u r e s  38-a and 38-c ,  t h e  o p e r a t o r  
c o u l d  g i v e  an  i n t e r m e d i a t e  f i n a l  p o s i t i o n  f o r  A and  B t o  
t h e  r i g h t  o f  Y and  Z. 
There  i s  one o t h e r  a s s u m p t i o n  t h e  s y s t e m  makes. I t  
assumes  t h a t  t h e  jaws c a n  g e t  t o  t h e i r  f i n a l  p o s i t i o n s .  'l'he 
s y s t e m  i s  d e s i g n e d  t o  make s u r e  t h e  jaws a r e  n o t  t r a p p e d  
a f t e r  t h e y  move an  o b j e c t ,  b u t  i t  i s  n o t  d e s i g n e d  t o  make 
s u r e  t h e  jaws c a n  g e t  t o  t h e i r  f i n a l  p o s i t i o n .  The o n l y  way 
t h e  jaws c a n n o t  g e t  t o  t h e i r  f i n a l  p o s i t i o n  i s  f o r  t h e  
j aw ' s  f i n a l  p o s i t i o n  t o  be b l o c k e d  by a  niovaole o b j e c t  which 
h a s  no  s p e c i f i e d  f i n a l  p o s i t i o n  which  i s  i n  t u r n  b l o c k e d  by 
a  movable o b j e c t  t h a t  h a s  been  moved t o  i t s  f i n a l  p o s i t i o n .  
E i g u r e  39 shows a  t a s k  o f  t h i s  t y p e .  ?'he jaws w i l l  n o t  be 
a b l e  t o  g e t  t o  t h e i r  f i n a l  p o s i t i o n  a f t e r  t h e y  move A. 
' l a sks  f o r  Khich This Sys tem W i l l  F i n d  S o l u t i o n s  
- - --
There  a r e  two t y p e s  o f  t a s k s  t h e  s y s t e m  c a n  s o l v e .  
I t  c an  be r e q u e s t e d  t o  move one  o b j e c t  t o  a  s p e c i f i e d  f i n a l  
p o s i t i o n  o r  t o  move two o r  more o b j e c t s  t o  s p e c i f i e d  f i n a l  
p o s i t i o n s .  
' l a sk  I y p e :  Move One O b j e c t  t o  a S p e c i f i e d  F i n a l  P o s i t i o n  
-
S u f f i c i e n t  Requ i r emen t s  f o r  a  S o l u t i o n :  
- -  
S u f f i c i e n t  Out o f  t h e  Way P l a c e s  
Task in which jaws will not be able t o  move t o  their  
specified final position 
Figure 39-a 
- CI - ..l 
The Final Posit ion of B is  not s ~ e c i f i e d .  I t  is 
shown only t o  emphasize the i?inai ~osition of i. 
ilow t h e  S o l u t i o n  i s  Found 
-- -
The sys t em s t a r t s  by a s k i n g  t h e  s h o r t e s t  p a t h  a l g o r i t h m  
t o  f i n d  a  p a t h .  Ilie s h o r t e s t  p a t h  a l g o r i t h m  r e t u r n s  a  v a l u e  
c o r r e s p o n d i n g  t o  a )  no s o l u t i o n ,  b)  p a t h  found,  c )  p a t h  found 
b u t  r e q u i r e s  moving o b j e c t s  o u t  o f  t h e  way. For  t h e  moment, 
assume t h a t  a )  d o e s  n o t  o c c u r .  I f  b)  i s  r e t u r n e d ,  t h e  s o l u -  
t i o n  i s  found.  I f  c ) ,  t h e n  t h e  s h o r t e s t  p a t h  a l g o r i t h m  t r i e s  
t o  f i n d  p a t h s  t o  Out o f  t h e  Way P l a c e s  f o r  e a c h  o b j e c t  i n  t h e  
way. For  e a c h  a t t e m p t  t o  f i n d  a  p a t h ,  a  v a l u e  c o r r e s p o n d i n g  
t o  e i t h e r  b )  o r  c )  i s  r e t u r n e d .  Each t ime  c )  i s  r e t u r n e d ,  
a t  l e a s t  one s u b - t a s k - - e a c h  r e q u e s t i n g  an o b j e c t  t o  be moved 
o u t  o f  t h e  w a y - - i s  p u t  011 t h e  'I'ASk Tkkl;. L v e n t u a l l y ,  f o r  
one o b j e c t  t h e  s h o r t e s t  p a t h  a l g o r i t h r i ~  must  r e t u r n  t h e  v a l u e  
c o r r e s p o n d i n g  t o  b )  . I h e  sys ten i  c a n n o t  i n u e f i n i t e l y  r e t u r n  
c )  a s  t h e r e  a r e  a  f i n i t e  number o f  o b j e c t s ,  and t h e  sys t em 
d e t e c t s  l o g i c a l  l o o p s  i n  t h e  t a s k  s t r u c t u r e .  (The maximum 
number o f  t i m e s  c )  can  be r e t u r n e d  i s  one l e s s  t h a n  t h e  number 
o f  movable o b j e c t s  i n  t h e  s p a c e . )  When t h e  v a l u e  c o r r e s p o n d -  
i n g  t o  b) i s  r e t u r n e d ,  t h e  sys t em c a n  move t h e  o b j e c t  o u t  o f  
t h e  way. The sys t em can  t h e n  move t h e  p r e v i o u s  o b j e c t  
( p r e v i o u s  o b j e c t  means t h e  o b j e c t  named i n  t h e  p r e d e c e s s o r  
t a s k  on t h e  T R E E )  o u t  o f  t h e  way, and c o n t i n u e  u n t i l  i t  h a s  
moved t h e  o b j e c t  t h e  o p e r a t o r  r e q u e s t e d .  (Kemember t h a t  
moving an  o b j e c t  o u t  o f  t h e  way means i t  w i l l  be  moved 
o u t  o f  t h e  way o f  a l l  o b j e c t s  whose p a t h s  have been p l a n n e d ,  
and n o t  j u s t  t h e  p r e v i o u s  o b j e c t . )  
On t h e  o t h e r  hand,  i f  a )  i s  r e t u r n e d  when p l a n n i n g  
t o  move t h e  o b j e c t  r e q u e s t e d  by t h e  o p e r a t o r ,  t h e  t a s k  i s  
d e f i n e d  i s  i m p o s s i b l e .  I f  a )  i s  r e t u r n e d  when p l a n n i n g  t o  
move o t h e r  o b j e c t s  o u t  o f  t h e  way, t h e  sys t em does  n o t  con-  
c l u d e  t h e  t a s k  i s  i m p o s s i b l e .  I t  a t t e m p t s  i n s t e a d  t o  f i n d  
an a l t e r n a t e  s o l u t i o n  t o  t h e  problem. The sys t em s e t s  t h e  
o b j e c t  i t  t r i e d  t o  move t e m p o r a r i l y  immovable. (? 'his  ob- 
j e c t  i s  s e t  movable a g a i n  when t h e  p r e d e c e s s o r  c h a i n  o f  
t h e  TASK TREE i s  changed from what  i t  was when t h e  o b j e c t  was 
s e t  immovable.) T h i s  f o r c e s  t h e  sys t em t o  f i n d  an a l t e r n a t e  
p l a n  f o r  moving t h e  p r e v i o u s  o b j e c t .  T h i s  s t r a t e g y  a s s u r e s  
t h a t  a l l  r e a s o n a b l e  c o m b i n a t i o n s  o f  moving o b j e c t s  o u t  o f  t h e  
way w i l l  be  t r i e d  b e f o r e  t h e  s y s t e m  d e c l a r e s  t n e  t a s k  t o  be 
i m p o s s i b l e .  T h e r e f o r e ,  i f  t h e r e  i s  a  s o l u t i o n ,  t h e  sys t em 
w i l l  f i n d  it. 
Task Type : iifove S e v e r a l  O b j e c t s  t o  S p e c i f i e d  F i n a l  P o s i t i o i l s  
-
S u f f i c i e n t  Requi rements  f o r  S o l u t i o n :  
-
1 )  Last  o u t  - First i n  r u l e  a p p l i e s .  ( I t  must, a s  
t h e  time sense  of tile t a s k  i s  reversed . )  
2) A l l  Out o f  t he  Way P laces  f o r  o b j e c t s  t h a t  have 
s p e c i f i e d  f i n a l  p o s i t i o n s  a r e  Connected. 
3 )  ?'here a r e  s u f f i c i e n t  Out o f  t h e  Way Ylaces. 
Mow t h e  S o l u t i o n  i s  Found 
Kequirement 1 gua ran t ee s  t h a t  t he  system w i l l  f i n d  
t he  c o r r e c t  o r d e r  f o r  moving o b j e c t s  t o  t h e i r  f i n a l  p o s i t i o n s .  
Requirement 2 gua ran t ee s  t h a t  i f  an o b j e c t  can be 
moved from any one p a r t i c u l a r  Out o f  t h e  Way Place  t o  i t s  
f i n a l  p o s i t i o n ,  t hen  i t  can be moved t o  i t s  f i n a l  p o s i t i o n  
i 
from any Out of  t h e  Way Place  i n  t h e  space.  Also,  a s  i t  $s 
assulned t h a t  d iodes  do n o t  e x i s t  i n  t h e  t a s k  space ,  an ob- 
j e c t  can be moved from any Out of t h e  Way Place  t o  i t s  i n -  
i t i a l  p o s i t i o n .  For a  s o l u t i o n  t o  t h e  t a s k  t o  e x i s t ,  the  
system must be a b l e  t o  p l a n  a  p a t h  f o r  tl ie o b j e c t  from i t s  
i n i t i a l  p o s i t i o n  t o  i t s  f i n a l  p o s i t i o n .  There fore ,  i f  an 
o b j e c t  i s  i n  i t s  i n i t i a l  p o s i t i o n  o r  any Out of t h e  hay 
P l ace ,  a  p a t h  can be planned t o  move t h e  o b j e c t  t o  i t s  f i n a l  
?'he above gua ran t ee s  t h a t  p a t h s  can be found and 
w i l l  be p lanned i n  an o r d e r  t h a t  w i l l  s o l v e  the  t a s k - - i f  
a  s o l u t i o n  e x i s t s .  how, a l l  t h a t  remains i s  t o  show t h a t  
each  o b j e c t  w i l l  be moved t o  i t s  s p e c i f i e d  f i n a l  p o s i t i o n .  
But t h i s  i s  i d e n t i c a l  t o  ti le f i r s t  t a s k  t ype ,  and i t  Alas 
a l r e a d y  been shown t h a t  t h e s e  s o l u t i o n s  w i l l  be found. 
There fore ,  t h e  s o l u t i o n  t o  t h e  complex t a s k  w i l l  b e  found. 
Chay te r  V I  S e l f - i ~ i a g n o s i s  - o f  F a i l u r e  
F a i l u r e s  o c c u r  o n l y  i n  t h e  s h o r t e s t  p a t h  a l g o r i t h m .  
The s h o r t e s t  p a t h  a l g o r i t h m  f a i l s  by n o t  f i n d i n g  a  p a t h  
w i t h  t h e  r e q u i r e d  end  p o i n t s .  F a i l u r e s  o c c u r ,  f o r  example,  
because  immovable o b j e c t s  o r  w a l l s  p r e v e n t  t h e  jaws from 
g r a s p i n g  o r  moving an o b j e c t .  F a i l u r e  c a n  o c c u r  e i t h e r  
i n  p l a n n i n g  t h e  o b j e c t  and j a w ' s  inot ion,  o r  i n  p l a n n i n g  o n l y  
t h e  j  awls  motion ( j aws  moving w i t h  o b j e c t  s t a t i o n a r y ) .  A s  
p r e s e n t l y  implemented,  t h e  sys t em c a n n o t  d i s t i n g u i s h  wilere 
t h e  f a i l u r e  o c c u r s .  
'ihe p r e s e n t l y  implemented v e r s i o n  o f  t h e  s y s t e r i ~  
h a s  v e r y  l i m i t e d  f a i l u r e  d i a g n o s i s  f e a t u r e s .  I f  a  t a s k  
f a i l s ,  t h e  sys t em g i v e s  t h e  o p e r a t o r  a  chance  t o  i n s p e c t  
t h e  IAbK T k i L  a s  i t  was b e f o r e  t h e  f a i l u r e .  From t h i s  i n -  
s p e c t i o ~ l ,  t h e  o p e r a t o r  c a n  g a i n  an u n d e r s t a n d i n g  o f  t i le 
s t a t e  o f  t h e  e n t i r e  t a s k ,  i n c l u d i n g  t h e  s p e c i f i c  Silnyle 
Task t h a t  c a u s e d  t h e  f a i l u r e .  I f  t i le Siinple Task was e x -  
p l i c i t l y  r e q u e s t e d  by t h e  o p e r a t o r ,  t h e  sys t em d e c i d e s  t h e  
e n t i r e  t a s k  h a s  f a i l e d ,  and h a l t s .  If  t h e  Simple Task was 
g e n e r a t e d  by t h e  sys t em,  t h e  s y s t e m  a t t e m p t s  t o  f i n u  an 
a l t e r n a t e  s o l u t i o n .  I t  is  p o s s i b l e  t h a t  a  s o l u t i o n  h a s  been 
o v e r l o o k e d .  To s e a r c h  f o r  t h i s  s o l u t i o n ,  t h e  sys t em s e t s  
t h e  o b j e c t  i t  t r i e d  t o  move f i x e d ,  and c o n t i n u e s  w i t h  tile 
comple te  t a s k  by a t t . e f i lp t ing  t o  e x e c u t e  t h e  n e x t  t a s k  orr 
t h e  TREE. By d o i n g  t h i s ,  t h e  s y s t e m  w i l l  t r y  moving a i l  
r e a s o n a b l e  c o m b i n a t i o n s  o f  o b j e c t s  b e f o r e  i t  abandons a  
t a s k  a s  i m p o s s i b l e .  The sys t em i s  d e s i g n e d  t o  a t t e m p t  
t h e s e  r e c o v e r i e s  a s  i t  may d e c i d e  t o  move t h e  wrong o b j e c t  
f i r s t .  
I n  a d d i t i o n  t o  t h i s  f a i l u r e  p r o c e d u r e ,  t h e r e  a r e  
o t h e r s  t h a t  c o u l d  be implemented.  One p o s s i b i l i t y ,  s u g -  
g e s t e d  above ,  i s  t o  i n d i c a t e  whicil p a r t  o f  t h e  s r l o r t e s t  pat i r  
a l g o r i t h m  f a i l e d  (moving jaws and o b j e c t ,  o r  jaws a l o n e ) .  
Th i s  would h e l p  t n e  o p e r a t o r  d i s c o v e r  t h e  e x a c t  c a u s e  o f  
f a i l u r e .  
A s  a n o t h e r  p o s s i b i l i t y ,  when t h e  s y s t e m  f i n u s  t h a t  
i t  must move o o j e c t s  t o  Out o f  t h e  \tray P l a c e s  b e f o r e  it f i n d s  
t h e  p a t h s ,  i t  c o u l d  compute t h e  a r e a  r e q u i r e d  f o r  t h e s e  Out 
o f  t h e  Nay P l a c e s .  I f  t h i s  a r e a  were  g r e a t e r  t h a n  t h e  a r e a  
a v a i l a b l e  as Out o f  t h e  Kay P l a c e s ,  an  a p p r o p r i a t e  e r r o r  
p r o c e d u r e  c o u l d  be e n t e r e d .  
A l s o ,  i t  might  be p o s s i b l e  f o r  t h e  sys t em t o  check  
t h a t  a l l  o f  t h e  Out o f  t h e  Way P l a c e s  a r e  c o n n e c t e u  f o r  
e a c h  o b j e c t  t h a t  h a s  a  s p e c i f i e d  F i n a l  P o s i t i o n .  
l h e s e  f a i l u r e  t e s t s  c o v e r  a l l  o f  t h e  p o s s i b i l i t i e s  
o f  t h e  s y s t e m  f a i l i n g ,  e x c e p t  f o r  t h e  L a s t  o u t  - Eirst  i n  
r e q u i r e m e n t .  But t h e  L a s t  o u t  - F i r s t  i n  r u l e  must  a p p l y  
a s  t h e  c o m p l e t e  t ime  s e n s e  o f  t h e  t a s k  i s  r e v e r s e d .  
Chapter  VII Economic Advantages o f  t h e  System 
--
A Comparison o f  a  Complete Op t imiza t i on  Method, Whitney's  
System, and Th i s  System 
~ h i t n e ~ , ~ ~  i n  h i s  Chap te r  5 ,  d i s c u s s e d  t h e  r e a s o n s  
f o r  n o t  u s ing  f u l l  o p t i m i z a t i o n  methods t o  f i n d  p a t h s  f o r  
p l ann ing  t o  move two o r  more o b j e c t s .  He a l s o  o u t l i n e d  a  
method t o  f i n d  p a t h s  f o r  moving more t han  one o b j e c t .  l n i s  
method depended on an o p e r a t o r  s p e c i f y i n g  s e t s  o f  Out of  t h e  
Way P l a c e s  f o r  o b j e c t s .  I t  f i n d s  an  op t ima l  s e t  o f  p a t h s  
(g iven  t h a t  t h e  o p e r a t o r  s p e c i f i e s  t h e  Out o f  t h e  Way P l a c e s )  
f o r  moving t h e  o b j e c t s ,  b u t  a t  a  c o s t  o f  inconven ience  t o  t h e  
o p e r a t o r  and o f  t h e  system hav ing  t o  compute many p a t h s .  
Whitney's  sys tem and t h i s  sys tem w i l l  b e  i n v e s t i g a t e d  
and compared below t o  de t e rmine  which one shou ld  be used f o r  
g r e a t e r  e f f i c i e n c y  i n  v a r i o u s  s i t u a t i o n s .  The t ime t aken  t o  
f i n d  complete t a s k  s o l u t i o n s  and t h e  c o s t  o f  t h e  t o t a l  p a t h s  
found w i l l  be compared. I t  i s  assumed t h a t  bo th  sys tems u se  
t h e  same s h o r t e s t  p a t h  a l g o r i t h m s .  
The f i r s t  t a s k  i n v e s t i g a t e d  i s  moving one o b j e c t ,  i .e . ,  
a  s imple  t a s k .  Whitney's sys tem w i l l  per form b e t t e r  i n  t n i s  
t a s k ,  a s  it does  n o t  have t o  s u p p o r t  t h e  overhead o f  t h e  
second l e v e l  problem s o l v i n g  system. The p a t h s  found w i l l  be 
t h e  same c o s t ,  b u t  t h e  computer  t ime used  w i l l  be g r e a t e r  
f o r  t h i s  sys t em.  iiowever, t h e  t ime  w i l l  be  g r e a t e r  by o n l y  
o n e - t e n t h  o f  a  s e c o n d  o r  l e s s  (enough t ime  t o  p r o c e s s  10,000 
i n s t r u c t i o n s  on a  s low computer ) .  l ' h e r e f o r e ,  t h e r e  i s  a  
v e r y  s l i g h t  a d v a n t a g e  f o r  Whi tney ' s  sys t em i n  t h i s  c a s e .  
Second,  c o n s i d e r  t h e  t a s k  o f  moving one o b j e c t  t h a t  
r e q u i r e s  h a v i n g  t o  move one o t h e r  o b j e c t  o u t  o f  t h e  way. 
(For  example ,  a  doorway b locked  by one o b j e c t . )  Whi tney ' s  
sys t em r e q u i r e s  a  human o p e r a t o r  t o  s p e c i f y  a s e t  o f  Out 
o f  t h e  Way P l a c e s .  The number o f  p a t h s  ( h e r e  one p a t h  i s  
t h e  s o l u t i o n  t o  one  s i m p l e  t a s k )  N h i t n e y ' s  sys t em computes 
i s  1+2.n where n i s  t h e  number o f  l o c a t i o n s  i n  t h e  Out o f  
t h e  Kay P l a c e  s e t  s u p p l i e d  by t h e  o p e r a t o r ,  'lhe minimal  
v a l u e  f o r  n  i s  1, and t h e  minimal  number o f  p a t h s  computed 
i s  t h r e e .  'I 'his sys t em computes  t h r e e  p a t h s ,  a t  a l l  t i m e s ,  
and i t  c o u l d  h a n d l e  a l l  t h e  n e c e s s a r y  computa t ions  i n  t h e  
second  l e v e l  o f  t h e  s y s t e m  i n  l e s s  t h a n  one second  a s  t h i s  
c a s e  i s  r e l a t i v e l y  s i m p l e ,  Presumably ,  t h e  o p e r a t o r  u s i n g  
Whi tney ' s  s y s t e m  would r e q u i r e  a t  l e a s t  one second t o  s p e c i f y  
one Out o f  t h e  Way P l a c e .  
A s  t o  t h e  p a t h  c o s t  c o n s i d e r a t i o n ,  bo th  methods 
s h o u l d  f i n d  p a t h s  t h a t  c o s t  t h e  same, a s  t h e r e  is  no c h o i c e  
o f  which o b j e c t  t o  move f i r s t .  There i s  t h e  p o s s i b i l i t y  
t h a t  t h e  o p e r a t o r  u s i n g  Whi tney 's  sys tem would  pic^ h i s  
Out of  t h e  Way P l a c e  f a r  away from t h e  p a t h ,  f u r t i l e r  t h a n  
t h e  minimum d i s t a n c e  n e c e s s a r y ,  and hence h i s  method would 
f i n d  c o s t l i e r  p a t h s .  
I f  t h e  s e t  o f  Out o f  t h e  Way P l a c e s  c o n t a i n s  more 
t h a n  one item, t h e n  Whitney's  sys tem w i l l  be much s l o w e r .  
The r a t i o  o f  computing t ime can be approximated  a s  1 + 2  * n  3
a s  t h e  l a r g e  m a j o r i t y  o f  t h e  t ime  i n  t h i s  sys tem ( 9 9 %  o r  
more) i s  t a k e n  by t h e  p a t h  f i n d i n g  a l g o r i t h m .  
For  t h i s  c a s e  t h e n ,  we f i n d  b o t h  sys tems  t o  be e q u a l l y  
good, p r o v i d e d  t h e  o p e r a t o r  o f  Whi tney t s  sys tem chooses  - one 
Out o f  t h e  Way P l a c e  which i s  t h e  o p t i m a l  Out o f  t h e  Nay 
P lace .  I f  he p i c k s  any o t h e r  l o c a t i o n ,  o r  more t h a n  one 
l o c a t i o n ,  t h e  performance  o f  Whitney 's  sys tem w i l l  n o t  be as 
good a s  t h e  performance  o f  t h i s  system. 
T h i r d ,  c o n s i d e r  t h e  t a s k  o f  moving a n  o b j e c t  t h a t  
r e q u i r e s  hav ing  t o  move two a d d i t i o n a l  o b j e c t s  o u t  o f  t h e  way. 
Whitney' s sys tem r e q u i r e s  computing 1+4n2 p a t h s  w i t h  t h e  
minimum v a l u e  o f  n  e q u a l  t o  2. T h i s  i s  a  minimum o f  17  
p a t h s  t o  be computed. My sys tem r e q u i r e s  computing a  maxi- 
mum o f  f i v e  and a  minimum o f  f o u r  p a t h s .  The s a v i n g s  i n  
computing t ime i s  g r e a t e r  t h a n  a  f a c t o r  of 3. This  s a v i n g s  
i n c r e a s e s  r a p i d l y ,  a s  t h e  number o f  Out o f  t h e  Way P l a c e s  
t h e  o p e r a t o r  s p e c i f i e s  i n c r e a s e s .  For n = 3 ,  t h e  number o f  
p a t h s  found i s  3 7 ,  f o r  n=4 ,  6 5 ,  e t c .  
From a  c o s t  o f  p a t h s  s t a n d p o i n t ,  Whi tneyls  sys tem,  
i f  d i r e c t e d  by a  good o p e r a t o r ,  may f i n d  p a t h s  t h a t  c o s t  
o n l y  4 / 5  a s  much a s  t h e  p a t h s  found by t h e  sys tem d e s c r i b e d  
i n  t h i s  t h e s i s .  T h i s  d i f f e r e n c e ,  2 0 % ,  would n o t  s e e n  t o  
compensate f o r  t h e  d i f f e r e n c e  i n  computer p r o c e s s i n g  times, 
300% p l u s .  Th i s  i s  more t h a n  an o r d e r  o f  magnitude d i f f e r -  
ence  i n  t h e  p e r c e n t a g e  d i f f e r e n c e s  ( 2 0 %  a g a i n s t  300%).  
For t h i s  s i t u a t i o n ,  i t  can be conc luded  t h a t  t h i s  sys tem 
is  t h e  b e s t  t o  use .  Note,  t h a t  f o r  moving f o u r  o r  more ob- 
j e c t s ,  t h e  advantage  o f  u s i n g  t h i s  sys tem i n c r e a s e s  o v e r  
t h a t  found f o r  moving t h r e e  o b j e c t s .  
I n  summary, Whi tney l s  sys tem may have a  ve ry  s m a l l  
t ime edge when moving one o p j e c t .  When moving two o b j e c t s ,  
t h e  sys tems a r e  a b o u t  even ,  g i v e n  a  good o p e r a t o r  f o r  
Whitney 's  sys tem.  But when moving t h r e e  o r  more o b j e c t s ,  
t h i s  sys tem r e q u i r e s  o n l y  1 / 3  o r  l e s s  a s  much computing 
t ime as Whi tney 's ,  w i t h  t h e  p e n a l t y  of  t h e  p a t h s  be ing  a t  
w o r s t  20% more c o s t l y  t h a n  t h o s e  found by Whi tney l s  system. 
I f  choos ing  a  sys tem,  one must weigh t h e  advantage  o f  much 
reduced computing time aga ins t  the  p o t e n t i a l  disadvantage 
of s l i g h t l y  more expensive  paths .  Add i t i ona l ly ,  one must 
remember that  the system described i n  t h i s  t h e s i s  has the 
a b i l i t y  t o  d i s cover  whether add i t i ona l  sub-tasks  must be 
so lved  t o  s o l v e  the requested task .  
Chap te r  VIII  Lxamples So lved  b~ - t h e  b e m o n s t r a t i o n  System 
l'liis s e c t i o n  i n c l u d e s  s e v e r a l  e x a n ~ p l e s  o f  t a s k s  t h e  
d e m o n s t r a t i o n  sys t em s o l v e d .  The s y s t e m  o u t p u t  i s  an o s c i l l o -  
scope  d i s p l a y  o f  t h e  movement o f  t h e  jaws and o b j e c t s .  'ihe 
motion i s  shown as a  s e r i e s  o f  s t i l l  p i c t u r e s .  I h e  d i f f e r -  
ence  between two s u c c e e d i n g  f r ames  is  u s u a l l y  t h a t  t h e  jaws 
o r  t h e  jaws and an o b j e c t  have moved one u n i t .  'l'he r e g u l a r  
d i s p l a y  i n t e r v a l s  and t h e  a f t e r - i m a g e s  combine t o  g i v e  t h e  
appea rance  o f  j e r k y  b u t  r e g u l a r  motion.  The d i s p l a y  f rames  
a r e  numbered s e q u e n t i a l l y  i n  o c t a l ,  e x c e p t  t h a t  o c c a s i o n a l l y  
t h r e e  numbers a r e  s k i p p e d .  For  example,  i n  Task 1 frame 35 
i s  shown immeuia te ly  a f t e r  f rame 31. 'lhe frarne numbers r e f e r  
t o  r e l a t i v e  computer  l o c a t i o n s .  L o c a t i o n s  32 t h r o u g h  34 con-  
t a i n  i n f o r m a t i o n  n e c e s s a r y  t o  s e t  up t h e  d i s p l a y  l i s t s .  
l 'he o u t p u t  w i l l  be p r e s e n t e d  h e r e  a s  a  sequence  o f  
pho tographs .  Not e v e r y  p i c t u r e  p r e s e n t e d  on the o s c i l l o -  
scope  d i s p l a y  w i l l  be i n c l u d e d ,  The d i s p l a y  f r ames  n o t  
shown c o n s i s t  o f  motion i n  a  s t r a i g h t  l i n e  o r  i n  an obv ious  
p a t h .  For  example ,  i n  Task 1, t h e  mot ion  from frame 35 t o  
frame 47 c o n s i s t s  o f  t h e  jaws moving i n  t h e  +Y d i r e c t i o n ,  
from (5 ,s )  t o  ( S , 1 7 ) .  A l so ,  i n  'l'ask 1 when t h e  jaws move 
frorn t h e i r  p o s i t i o n  i n  frame 1 0 3  down t o  b, frarne 107 ,  t h e y  
rrlove around C a t  ( 2 0 , Z l ) .  
Plans  t h a t  t h e  system makes t o  d i s c o v e r  which o b j e c t s  
t o  move o u t  o f  t h e  way a r e  i n d i c a t e d  i n  two ways. F i r s t ,  
t h e  word "PLAPi" appea r s  a t  t h e  t op  r i g h t  o f  t h e  p i c t u r e .  
Second, a  ghos t  image o f  t h e  jaws and t h e  o b j e c t  be ing  moved 
shows t h e  p lan .  Frame 21 of Task 1 has  a  ghos t  image of t h e  
jaws and o b j e c t  A a t  (10,ZO). I n  a  p l a n  no o b j e c t  o r  t h e  
jaws a r e  a c t u a l l y  moved. Frame 31 i s  t h e  l a s t  p i c t u r e  i n  
t h i s  p l an .  Frame 35 i s  t h e  n e x t  -p i c t u r e  showii by t h e  d i s -  
p l a y .  Tne o r d e r  f o r  viewing t h e  p i c t u r e s  i s  t o  compare 
t h e  I n i t i a l  P o s i t i o n s  and F i n a l  P o s i t i o n s ,  s t a r t  w i t h  t h e  
I n i t i a l  P o s i t i o n s  and go th rough  t h e  numbered frames i n  
o r d e r ,  and f i n a l l y  compare t h e  l a s t  numbered frame w i t h  
t h e  F i n a l  P o s i t i o n s .  
Two Examples P r e s e n t e d  i n  b e t a i l  
- -
Task 1 
The f i r s t  t a s k  r e q u e s t s  moving one o b j e c t  t o  a 
s p e c i f i e d  f i n a l  p o s i t i o n .  F i g u r e  4 0 ,  a  r e p r e s e n t a t i v e  
drawing (no t  t o  s c a l e )  o f  t h e  i n i t i a l  p o s i t i o n s  of t h e  ob- 
j e c t s ,  i s  i n c l u d e d  a s  t h e  l e t t e r s  on t h e  o b j e c t s  i n  t h e  
photographs  a r e  d i f f i c u l t  t o  read .  ?he f i n a l  p o s i t i o n  of 
o b j e c t  A i s  t h e  same a s  t h e  i n i t i a l  p o s i t i o n  of  o ~ j e c t  F.
ObJects A ,  B, C, D, E ,  and F. 
All objects are movable.. 
Figure 40 
The t a s k  p r o c e e d s  a s  f o l l o w s .  The jaws move up 
(frame 5 ) ,  open and g r a s p  o b j e c t  A (frame l l ) ,  move t h e  
o b j e c t  A ' s  g h o s t  image up and r i g h t  t o  i t s  f i n a l  p o s i t i o n  
( f rames  21, 26, 31). 
The sys tem d i s c o v e r s  o b j e c t s  B and F a r e  i n  t h e  way 
and g e n e r a t e s  s u b - t a s k s  t o  move them o u t  o f  t h e  way. '[he 
TASK TREE a t  t h i s  p o i n t  i s  shown i n  f i g u r e  4 1 .  The jaws 
move up and o v e r  and push B up t h r e e  u n i t s ,  o u t  o f  t h e  
way ( f rames  35 t o  6 5 ) .  The sys tem now p l a n s  t o  move F 
o u t  o f  t h e  way, by push ing  i t  a c r o s s  o b j e c t  il ( f rames  7 1  
t o  77) .  The TASK TKEL a t  t h i s  p o i n t  i s  shown i n  f i g u r e  42. 
The jaws move U o u t  o f  t h e  way of  F ( f r ames  1 0 3  t o  112) .  
F i s  t h e n  moved o u t  o f  t h e  way ( f rames  122 t o  125) .  The 
jaws t h e n  g r a s p  A t o  c a r r y  i t  t o  i t s  f i n a l  p o s i t i o n  ( f rames  
145 t o  200).  F i n a l l y ,  t h e  jaws move t o  t h e i r  s p e c i f i e d  
f i n a l  p o s i t i o n  ( f rames  205 t o  211).  
There a r e  two a s p e c t s  o f  t h i s  t a s k  t h a t  d e s e r v e  
s p e c i a l  n o t i c e .  Tne f i r s t  i s  t h a t  i n  moving A t o  i t s  
f i n a l  p o s i t i o n ,  t h e  jaws g r a b  i t  on i t s  l e f t  and n o t  on t u e  
r i g h t  a s  a  s t r a i g h t  forward  m i n i m i z a t i o n  would. l ' h i s  happens 
because  t h e  s h o r t e s t  p a t h  a l g o r i t h m  s t a r t s  a t  t h e  f i n a l  




I n t e r ~ r e  t i v e  L i s t  
t a s k  #1 move A t o  (20,201 
t a s k  #2 move B out of the  way 
t a s k  #3 move F out  of the  way 
Note: The system executes  the  bottom r i g h t  sub-task 
f i r s t ;  i n  t h i s  case ,  #2. 
The TOY t a s k  i s  a n u l l  t a s k ,  used only as a reference  
by the  system. If the  TOP t a s k  i s  t h e  only one l e f t  
on the  TASK THdd, the  system knows it has f i n i s h e d  the  
c o ~ p l e  t e  t a sk .  
Figure 41 
I n t e r p r e t i v e  L i s t  
t a s k  #I move A t o  (20,20) 
t a s k  #2 move B out of the  way 
t a sk  #3 move F out  of the  way 
t a s k  #4 move 3 out  of the  way 
Note: Although t a s k  #2 is  s t i l l  on the  I n t e r p r e t i v e  
L i s t  it w i l l  not be executed, Only t a sk s  on 
the  TASK TRd3 a r e  executed. 
Figure 42 
t o  the i n i t i a l  p o s i t i o n  (a Temporary Locat ion--see  frame 1 4 5 ) .  
The second i s  the  d e t a i l  o f  the  jaws opening and grasping A ,  
frames 1 5 4  t o  160. When the  jaws grasp an o b j e c t ,  the  motion 






Task 2  
Task 2 g i v e s  t h e  sys tem a n  o p p o r t u n i t y  t o  move 
s e v e r a l  o b j e c t s  t o  s p e c i f i e d  f i n a l  p o s i t i o n s .  F i g u r e  43-a 
shows t h e  i n i t i a l  p o s i t i o n s  and f i g u r e  43-b  shows t h e  f i n a l  
p o s i t i o n s .  These a r e  i n c l u d e d  t o  a i d  i n  i d e n t i f y i n g  t h e  
o b j e c t s  i n  t h e  pho tographs ;  n e i t h e r  f i g u r e  is  drawn t o  s c a l e .  
The t a s k  b e g i n s  and t h e  sys tem d e t e r m i n e s  t h e  o r d e r  
t o  move t h e  o b j e c t s  t o  t h e i r  f i n a l  p o s i t i o n s  i s  A f i r s t ,  
t hen  B ,  t hen  C. The sys tem p l a n s  t o  move A t o  i t s  f i n a l  
p o s i t i o n  and d i s c o v e r s  t h a t  C i s  i n  t h e  way ( f rames  11 t o  
44) .  The sys tem t h e n  p l a n s  t o  move C o u t  o f  t h e  way and 
d i s c o v e r s  k3 i s  i n  t h e  way ( f rames  50  t o  72) .  The sys tem 
t h e n  p l a n s  t o  move B o u t  of  t h e  way and d i s c o v e r s  A i s  i n  
t h e  way ( f rames  76 t o  126) .  The TASK TKbE a t  t h i s  p o i n t  
i s  shown i n  f i g u r e  44. The sys tem now moves A o u t  o f  t h e  
way ( f rames  132 t o  1 5 1 ) .  ~ i o t e  t h a t  t h i s  i s  t h e  f i r s t  t ime 
an o b j e c t  h a s  a c t u a l l y  been moved i n  t h i s  t a s k .  The s y s -  
tem t h e n  moves B o u t  o f  t h e  way ( f rames  160 t o  1 7 6 ) ,  fo l lowed  
by C ( f rames  205  t o  234) .  A t  t h i s  p o i n t ,  o n l y  s u b - t a s k s  
#1, # 2 ,  and # 3  remain on t h e  TASK TREE, t h e  o t h e r s  having 
been s u c c e s s f u l l y  e x e c u t e d  and removed. 
?'he sys tem c o n t i n u e s  and moves A t o  i t s  f i n a l  p o s i -  
t i o n  ( f rames  243 t o  272) ,  f o l l o w e d  by B ( f rames  301 t o  341; 
All ob3ects are movable 
Task 2 




I n t e r p r e t i v e  L i s t  
t a s k  ,#I move C t o  ( 6 , 4 )  
t a s k  #2 move B t o  ( 4 , 3 )  
t a s k  #3 move A t o  (2,2) 
t a s k  #4 nove C out  of the  way 
t a s k  #5 move B out of the  way 
t a s k  #6 move A out of the  way 
Note: The sub-task,  ltrnove q out of the wayt1 i s  not 
t h e  same as the  sub-task "move q t o  p o s i t i o n  
(x,Y)."  
Figure 44 
note i n  frame 301 jaws c l o s e  a t  ( 3 , 2 )  f o r  minimum c o s t  path 
t o  (20 ,4 ) ) ,  and then C (frames 350 t o  3 7 7 ) .  The jaws re- 
lease  C and move t o  t h e i r  s p e c i f i e d  f i n a l  p o s i t i o n  a t  (1,s) 










Four Examples B r i e f l y  P r e s e n t e d  
-
The fo l lowing  t a s k s  a r e  shown i n  much l e s s  d e t a i l  
t h a n  t h e  p r ev ious  two. The p i c t u r e s  o f  t h e  f i r s t  two t a s k s  
shou ld  have g iven  t h e  r e a d e r  a  good f e e l i n g  f o r  t h e  p a t h s .  
These l a t t e r  t a s k s  a r e  i nc luded  t o  g i v e  t h e  r e a d e r  some i d e a  
o f  t h e  t ypes  o f  t a s k s  t h e  sys tem has  so lved .  
Task 3 
Task 3 i s  c a l l e d  a  " locked doorway" a f t e r  w h i t n e y t s 3 1  
"blocked doorway." The i n i t i a l  p o s i t i o n s  a r e  shown i n  Eig- 
u r e  45. Ob jec t s  X and Y a r e  immovable. 
The t a s k  p roceeds  a s  f o l l ows .  A p l a n  i s  made t o  
move A up and t h e n  t o  i t s  f i n a l  p o s i t i o n  d u r i n g  which t h e  
system d i s c o v e r s  o b j e c t s  C ,  D, and B a r e  i n  t h e  way 
(frames 14 t o  26). The sys tem p l a n s  t o  move C o u t  o f  t h e  
way and f i n d s  U i n  t h e  way ( f rames  41 and 46) .  The system t h e n  
p l a n s  t o  move D o u t  o f  t h e  way and d i s c o v e r s  A i s  i n  t h e  way 
(frames 60 and 74) .  The TASK TREE a t  t h i s  s t a g e  i s  shown i n  
f i g u r e  46. 
The system moves A o u t  o f  t h e  way (frame 105) and 
t hen  D (frame 131) .  A t  t h i s  p o i n t  t h e  TASK TREE i s  as 
shown i n  f i g u r e  47. The sys tem t h e n  moves C o u t  o f  t h e  way 
objects A ,  8, C ,  and D ar. movable. 





[rTa0 l e v e l  3 
l e v e l  4 
In te rpre t ive  L i s t  
t a sk  ,#l move A t o  (12,12) 
t a sk  #2 move C out of the  way 
t a sk  93 move D out of the  way 
task  4% move B out of the  way 
t a sk  #5 move A out of the  way 
Notet Sub-task #3 appears on the  TASK TRdB twice. The 
first time, a t  l e v e l  3,  it requests  D t o  be moved 
out of the way of A ' s  path, The second time, 
l e v e l  4, it requests  D t o  be moved out of the way 
of A ' s  planned path and C1s planned path. After  
sub-task #3 at  l e v e l  4 i s  executed, both it and 
the  occurrence of sub-task #3 a t  l e v e l  3 w i l l  be 





I n t e r p r e t i v e  L i s t  
TOP 
X I  
I r 
t a s k  ,#I move A t o  (12, 1 2 j  
t a s k  $2 move C out  of the way 
t a s k  #3 move D out  of the  way 
t a s k  #4 move B out  of the  way 





(frames 160 t o  166) followed by B (frames 212  t o  251). 
The system then moves A t o  its s p e c i f i e d  f i n a l  p o s i t i o n  
(frame 267) and the jaws move t o  t h e i r  f i n a l  p o s i t i o n  





The o b j e c t  of  Task 4 i s  t o  s w i t c h  t h e  p o s i t i o n s  of  
o b j e c t s  A and B, The sys tem d e c i d e s  t h e  o r d e r  t o  move t h e  
o b j e c t s  t o  t h e i r  f i n a l  p o s i t i o n s  i s  B ,  t hen  A, The system 
p l a n s  t o  move B t o  i t s  f i n a l  p o s i t i o n  and f i n d s  A i n  t h e  
way, (frame 2 7 ) ,  I t  t h e n  moves A o u t  o f  t h e  way (frame 46), 
moves B t o  i t s  f i n a l  p o s i t i o n  (frame 1 0 0 ) ,  moves A t o  i t s  
f i n a l  p o s i t i o n  (frame 1 4 5 ) ,  and d i r e c t s  t h e  jaws t o  t h e i r  
f i n a l  p o s i t i o n  (frame n o t  shown a s  . i t  i s  i d e n t i c a l  t o  t n e  
F i n a l  P o s i t i o n  p i c t u r e ) ,  

Task 5 
Task 5 i s  p r e s e n t e d  t o  show some of  t h e  a b i l i t i e s  of 
t h e  implemented v e r s i o n  o f  t h e  s h o r t e s t  p a t h  a l g o r i t h m s ,  t h e  
lower l e v e l  o f  t h e  system. Ob jec t  A i s  movable, X i s  f i x e d .  
This  t a s k  cou ld  have been so lved  w i t h o u t  t h e  upper l e v e l  
of t h e  sys tem,  
The t a s k  i s  accomplished a s  f o l l ows .  The jaws g r a sp  
A ' s  r i g h t  p r o t r u s i o n  (frame 2 1 ) ,  move A t o  (14,2)  (fratne 3 3 ) ,  
move around t o  push (frame 4 5 ) ,  push A t o  (17,2)  (frame SO), 
move around and g r a s p  t h e  l e f t  p r o t r u s i o n  (frame 6 3 ) ,  move 
A t o  i t s  s p e c i f i e d  f i n a l  p o s i t i o n  (frame 7 b ) ,  and f i n a l l y  
t he  jaws move t o  t h e i r  f i n a l  p o s i t i o n ,  The last frame i s  




The f i n a l  t a s k ,  b ,  i s  p r e s e n t e d  t o  show t h a t  t h e  s y s -  
tem can s o l v e  an a r b i t r a r i l y  complex t a sk .  The goal  of  t h e  
t a s k  i s  t o  move o b j e c t  I  ( t h e  o b j e c t  a lone  above t h e  l a r g e  
group) t o  t he  l o c a t i o n  o b j e c t  H p r e s e n t l y  occupies  ( t h e  
upper l e f t  i n  t h e  group) .  A l l  o b j e c t s  a r e  movable excep t  
Z ,  t h e  long o b j e c t .  The o b j e c t s  i n  t h e  t a s k  a r e  B ,  C ,  b, E ,  
G ,  H ,  I ,  J ,  and Z .  Frame 1 4 6 4  shows t h e  p o s i t i o n  of t h e  o b j e c t s  
a f t e r  t hey  have been moved s o  o b j e c t  I can be p u t  i n t o  p l ace .  
Frame 2461 i s  t h e  l a s t  frame of t h e  t a s k .  

C h a p t e r  S p e c i f i c  Problems f o r  
-
F u t u r e  Work 
-
The work n e c e s s a r y  t o  implement  t h e  sys t em,  t h e  
t h o u g h t  i n  f o r m u l a t i n g  t h e  c o n c e p t s ,  and s u b s e q u e n t  r e -  
f l e c t i o n s  have i l l u m i n a t e d  s e v e r a l  problems t h a t  need  
f u t u r e  work. 
What i s  a  n a n d l e ?  
- - -  
l l l e  f i r s t  problem i s  t h e  i d e n t i f i c a t i o n  o f  a  h a n d l e  
on an o b j e c t .  For some t a s k s ,  w i t h  some o b j e c t s ,  p e o p l e  
have no problem d i s t i n g u i s h i n g  which p a r t  o f  an  o b j e c t  i s  
t h e  h a n d l e .  For  example ,  t h e  h a n d l e  of  an o r d i n a r y  screw-  
d r i v e r  i s  e a s i l y  d i s t i n g u i s h e d .  But ,  a s  a  c o u n t e r  example,  
c o n s i d e r  t h e  co lnbina t ion  p l i e r s ,  shown i n  f i g u r e  4 8 ,  which 
c a n  be used  a s  p l i e r s ,  s c r e w d r i v e r ,  wrench,  w i r e  c u t t e r ,  
and p o s s i b l y  a s  a  hammer. One must  know how he  is  go ing  t o  
u s e  t h i s  t o o l  b e f o r e  he  d e c i d e s  which p a r t  w i l l  be t h e  
"handle."  tiowever, p e o p l e  n o r m a l l y  do n o t  c o n s c i o u s l y  c a l -  
c u l a t e  t h e i r  a c t i o n s .  O r d i n a r i l y ,  t h e y  do  n o t  t h i n k  what 
p a r t  o f  an o b j e c t  i s  t o  be t h e  h a n d l e .  They j u s t  p i c k  t h e  
o b j e c t  up by t h e  most c o n v e n i e n t  p a r t ;  and a s  t h e y  work, 
t h e y  f r e q u e n t l y  change t h e i r  g r i p  t o  o t h e r s  t h a t  b e t t e r  s u i t  
t l i e i r  immediate  p u r p o s e s .  The p r o c e s s  is  more r e f l e x  i n  
Combination Pliers 
Figure 48 
a d u l t s  t h a n  c o n s c i o u s  e f f o r t .  P e o p l e ,  t h e n ,  s o l v e  t h e  
h a n d l e  problem by: 
1 )  h a v i n g  t h e  a b i l i t y  t o  change t h e i r  g r i p  
f r e q u e n t l y  and e a s i l y ,  and 
2 )  h a v i n g  t h e  a b i l i t y  t o  know what t h e y  a r e  
g o i n g  t o  do w i t h  a n  o b j e c t  b e f o r e  t h e y  
p i c k  it up. 
Nhen p u s h i n g ,  t h e  problem o f  what  a  "handle"  i s ,  
where t o  p u s h ,  i s  a  b i t  s i n ~ p l e r .  To push  an o b j e c t ,  one 
c o n t a c t s  t h e  o b j e c t  s o  t h a t  t h e  l i n e  drawn from t h e  p o i n t  
where he i s  push ing  t h r o u g h  t h e  c e n t e r  of  g r a v i t y  ( o r  t h e  
c e n t e r  o f  a d h e s i o n  t o  t h e  s u p p o r t  s u r f a c e )  of  t h e  o b j e c t  
i s  i n  t h e  d i r e c t i o n  t h e  o b j e c t  i s  t o  move. I f  t h i s  p o s i -  
t i o n  on t h e  o b j e c t  i s  n o t  a v a i l a b l e  ( f o r  example ,  i f  t h e  
o b j e c t  i s  n e x t  t o  a  w a l l ) ,  one t r i e s  t o  f i n d  a n o t h e r  p l a c e  
t o  push  s o  t h e  o b j e c t  w i l l  move a p p r o x i m a t e l y  i n  t h e  de -  
s i r e d  d i r e c t i o n .  
The sys t em u s e s  some a r b i t r a r y  r u l e s  t o  h e l p  i t  s o l v e  
t h e  problem o f  where an  o b j e c t  s h o u l d  be g rasped .  The s y s -  
tem t r i e s  t o  f i n d  a  p o i n t  c l o s e s t  t o  t i le middle  ( Y  d i r e c t i o n  
o n l y )  o f  an o b j e c t  t o  g r a s p .  I f  i t  h a s  a  c h o i c e  of  p l a c e s ,  
i t  p i c k s  t h e  one t h a t  is  t h e  c h e a p e s t  f o r  t h e  jaws t o  g e t  t o ,  
In t h e  examples r u n  on t h e  sys tem,  t h e s e  two h e u r i s t i c s  worked 
v e r y  w e l l .  ( I n  no c a s e  was a t a s k  o r  o b j e c t  d e s i g n e d  s o  a s  
t o  i n s u r e  t h e  sys tem would behave "nicely.")  A s  an  example, 
c o n s i d e r  t h e  o b j e c t  shown i n  f i g u r e  49. I f  t h e  jaws can ,  tiley 
w i l l  g r a s p  t h e  r i g h t  p r o t r u s i o n  r a t h e r  t h a n  e i t h e r  o f  t h e  l e f t  
ones .  ?'he d e c i s i o n  t h i s  sys tem makes a b o u t  a  p l a c e  t o  push 
i s  ve ry  s i m p l e ;  i t  chooses  t h e  c h e a p e s t  one i t  can f i n d  
( t h a t  w i l l  move t h e  o b j e c t  i n  t h e  c o r r e c t  d i r e c t i o n ) .  I t  
makes no e f f o r t  t o  push  t h r o u g h  t h e  c e n t e r  of  g r a v i t y ,  a s  
a l l  motion i s  r e s t r i c t e d  t o  t h e  X and Y d i r e c t i o n s .  
A s  t l ie sys tem i s  p r e s e n t l y  implemented,  i t  remembers 
o n l y  one g r a s p  p o s i t i o n  and f o u r  push p o s i t i o n s  (one f o r  
each d i r e c t i o n ) .  The sys tem c o u l d  be made - much more f l e x i -  
b l e  if i t  remembered (and c a l c u l a t e d  p a t h s  f o r )  a l l  p o s s i -  
b l e  g r a s p  and push p o s i t i o n s .  Th i s  p r o c e d u r e  would g i v e  
t h e  sys tem t h e  a b i l i t y  t o  change from one g r a s p  p o s i t i o n  t o  
a n o t h e r  i f  i t  wanted. T h i s  p r o c e d u r e  c o u l d  be implemented 
o n l y  by i n c r e a s i n g  t h e  number o f  v a l u e s  on t h e  G ( g r a s p  and 
push) a x i s  i n  t h e  o b j e c t  s t a t e  s p a c e ,  t h e  number o f  p o i n t s  
i n  t h e  s p a c e ,  and t h e  p r o c e s s i n g  t i m e  needed t o  f i n d  a  s h o r t -  
e s t  p a t h .  For complex o b j e c t s ,  t h e s e  i n c r e a s e s  c o u l d  be a  
f a c t o r  o f  t e n  o r  more, making t h e  t a s k  a l m o s t  i m p o s s i b l e  t o  
s o l v e  u s i n g  t h e  p r e s e n t  t e c h n i q u e s .  
Jaws w i l l  prefer to grasp the r ight  protrusion of the 
obJect 
Figure 49 
Khat i s  needed,  t hen ,  i s  a  method which w i l l  a l low 
t h e  system t o  change f r e e l y  from one g r a s p  p o s i t i o n  t o  
ano the r  bu t  w i l l  n o t  i n c r e a s e  t h e  s i z e  o f  t h e  s t a t e  space  
n o r  i n c r e a s e  t h e  t ime n e c e s s a r y  t o  compute s h o r t e s t  p a t h s .  
Va r i ab l e  Q u a n t i z a t i o n  o f  a  Space 
-- 
This  sys tem d i v i d e s  t h e  space  i n t o  e q u a l  s i z e d  
squares .  This  p rocedure  i s  s t r a i g h t f o r w a r d  t o  implement 
and g i v e s  e a s i l y  i n t e r p r e t e d  s o l u t i o n s  ( p a t n s )  . b u t  i t  
is w a s t e f u l ,  a s  a  l o t  o f  unnecessa ry  p o i n t s  a r e  s t o r e d ,  
The system a l l o t s  t h e  same amount o f  s t o r a g e  space  whether  
a  space  i s  empty o r  f u l l  of o b j e c t s .  Also ,  p a t h s  a c r o s s  
empty space  a r e  s t r a i g h t  l i n e s ;  t h e  sys tem shou ld  n o t  have 
t o  compute t h e s e  p a t h s  i n  t h e  same way a s  i t  computes t h e  
p a t h s  around o b j e c t s .  
One p o s s i b i l i t y  i s  t o  compute s t r a i g h t  l i n e  p a t h s  t o  
t h e  c o r n e r s  o f  o b j e c t s ,  a s  i s  done by t h e  SRI group. 21, 24 
This  method assumes a  p a t h  w i l l  be a  s t r a i g h t  l i n e  from 
s t a r t  t o  f i n i s h ,  o r  w i l l  be s t r a i g h t  l i n e  segments from t h e  
s t a r t ,  t o  o b j e c t  c o r n e r s ,  t o  t h e  f i n i s h .  F igu re  50 shows a  
p a t h  found u s i n g  t h i s  method. nowever, t h e  d i s c u s s i o n  i n  
t h e i r  r e p o r t s 2 '  i n d i c a t e s  t h a t  t h e r e  i s  some d i f f i c u l t y  i n  
computing p a t h s  u s i n g  t h e s e  c o r n e r  p o i n t s .  
fath found using straight l ine segmants to the corners 
of objects 
Figure 50  
Another approach t o  t h e  problem might  be t o  d e s i g -  
n a t e  p o i n t s  on ly  around o b j e c t s ,  and compute tile p a t h s  i n  
t h e  immediate v i c i n i t y  o f  t h e  o b j e c t s  i n  t h e  same way a s  
i s  p r e s e n t l y  done. Pat l is  a c r o s s  t h e  empty space  would be 
computed a s  s t r a i g h t  l i n e s .  A s i m i l a r  approach t o  t h e  
problem would be t o  have v a r i a b l y  spaced  p o i n t s  i n  t h e  
space .  The s p a c i n g  would be dependent  on some f u n c t i o n  of 
" i n t e r e s t "  t h e  system h a s  i n  an a r e a .  
S u c c e s s f u l  implementa t ion  o f  a  method s i m i l a r  t o  
t hose  d e s c r i b e d  above would be of  b e n e f i t  i n  f i n d i n g  s o l u -  
t i o n s  t o  man ipu l a t i on  t a s k s .  Other  f i e l d s  t h a t  r e l y  on 
s h o r t e s t  p a t h  a l g o r i t h m s  would a l s o  b e n e f i t .  
Not Enough Out o f  t h e  Way P l a c e s  
- --- 
In  some c a s e s ,  t h i s  sys tem w i l l  f a i l  t o  f i n d  t a s k  
s o l u t i o n s  because  t h e r e  a r e  n o t  enough Out o f  t h e  Way 
P laces .  I n  t h e s e  c a s e s ,  s o l u t i o n s  might be found i f  t h e  re- 
qu i rements  f o r  Out of  t h e  Way P l a c e s  were r e l axed .  A s  men- 
t i o n e d  e a r l i e r ,  t h e  r equ i r emen t s  a r e  o v e r l y  r e s t r i c t i v e .  I h e  
unnecessary  f a i l u r e s ,  caused  by t oo  few Out o f  t h e  Kay P l ace s  
i n  t h e  t a s k  space ,  occur  f o r  two r ea sons :  
1 )  Ob jec t s  moved t o  Temporary Loca t ions  a r e ,  i n  
many c a s e s ,  moved f u r t h e r  t h a n  i s  n e c e s s a r y  
t o  s o l v e  t a s k s .  
2 )  There may be an  i n t e r a c t i o n  between a n  o b j e c t f  s 
shape  and i t s  Out of  t h e  Way P l a c e ,  which r e -  
s u l t s  i n  an  o b j e c t ' s  oeirlg moved f u r t h e r  o u t  
of  t h e  way t h a n  i s  a b s o l u t e l y  n e c e s s a r y  t o  
s o l v e  t a s k s .  
To e x p l a i n  r e a s o n  2 ,  t a s k  2 of  Chap te r  VIII w i l l  be used 
a s  a n  example. Note t h e  p a t h  p lanned  f o r  o b j e c t  A,  f rames  
11 t o  4 4 ,  ( T h i s  p a t h  i s  chosen a s  C i s  one u n i t  wide where 
A c r o s s e s  i t ,  and two u n i t s  wide a t  t h e  o t h e r  p o s s i b l e  
c r o s s i n g  p o i n t  a l o n g  t h e  X a x i s .  The s h o r t e s t  p a t h  a l g o -  
r i t h m s  t r y  t o  move o b j e c t s  th rough  a s  l i t t l e  s p a c e  occup ied  
by o t h e r  o b j e c t s  a s  p o s s i b l e . )  With t h i s  p lanned  p a t h ,  C 
must be moved up t o  Y-14. Suppose i n s t e a d  t h a t  A were 
moved down t o  t h e  X a x i s  and t h e n  l e f t  t o  i t s  f i n a l  p o s i t i o n .  
'l'hen C would nave t o  be moved up o n l y  t o  Y = 1 2 .  Here C 1 s  
shape  h a s  i n f l u e n c e d  A f s  p a t h .  And A ' s  p a t h  s e t s  t h e  r e -  
q u i r e m e n t s  f o r  C f s  Out o f  t h e  Way P l a c e .  Hence, C 1 s  shape 
t 
h a s  i n f l u e n c e d  i t s  Out o f  t h e  Way P l a c e .  
~qow t o  examine t h e  two r e a s o n s  f o r  unnecessa ry  f a i l u r e s  
c i t e d  above. O b j e c t s  moved o u t  of  t h e  way a r e  moved t o  Tempo- 
r a r y  L o c a t i o n s  s o  t h e y  can  be moved l a t e r .  However, Temporary 
L o c a t i o n s  t a k e  n o r e  t h a n  t h e  mininlum amount o f  s p a c e  t o  
s t o r e  a n  o b j e c t ,  d e c r e a s i n g  t h e  number o f  Out o f  t h e  Nay 
P l a c e s  i n  t h e  t a s k  s p a c e .  A s  a n  o b j e c t  d o e s  n o t  a lways  
nave t o  be moved t o  a  Temporary L o c a t i o n  t o  g u a r a n t e e  t h a t  
i t  can  be moved l a t e r ,  what  i s  needed i s  a  method t o  f i n d  
a  l o c a t i o n  from which an o b j e c t  c a n  be moved, t h a t  r e q u i r e s  
o n l y  a  minimal  amount o f  s p a c e  t o  s t o r e  t h e  o b j e c t .  b i s -  
c o v e r i n g  such  a  method i s  l e f t  a s  a  f u t u r e  p r o j e c t .  
In moving an o b j e c t  t o  a  l empora ry  L o c a t i o n ,  t h e  
a s sumpt ion  h a s  been  made t h a t  t h e  o b j e c t  must  be movea 
a g a i n .  However, i n  some c a s e s ,  tile o b j e c t  w i l l  n o t  neecc t o  
be moved a g a i n .  Uut t o  keep t h e  s y s t e m  from making i r r e v e r -  
s i b l e  d e c i s i o n s ,  t h e  sys t em c a n  d e c i d e  t o  move an o b j e c t  
o n l y  t o  a  l o c a t i o n  from which i t  can  be moved. 
Reason 2 ( o b j e c t ' s  s h a p e  i n f l u e n c e s  i t s  Out o f  t h e  
Way P l a c e )  l e a d s  t o  more s p e c i f i c  s u g g e s t i o n s .  The f i r s t  
s u g g e s t i o n  i s  t o  change t h e  a l g o r i t h m  t o  c h a r g e  o n l y  once  
f o r  moving one  o b j e c t  t h r o u g h  t h e  s p a c e  o c c u p i e d  by a n o t h e r .  
T h i s  p r o c e d u r e ,  u n f o r t u n a t e l y ,  would i n c r e a s e  t h e  r u n n i n g  
t ime o f  t h e  program a s  p a r t i a l  s u b - p a t h s  would have  t o  be  
r e  t r a c e d  f r e q u e n t l y .  
Another  s o l u t i o n  migh t  be t o  move t h e  i n  t h e  way ob- 
j e c t  t o  v a r i o u s  t e s t  p o s i t i o n s ,  t h e n  t r y  computing an  o b j e c t ' s  
p a t h  t o  d e t e r m i n e  which of  t h e  t e s t  p o s i t i o n s  i s  t n e  b e s t  
Out o f  t h e  Way P l a c e .  Th i s  approach ,  lr~owever, would r e -  
q u i r e  computing m u l t i p l e  p a t h s  b e f o r e  some o b j e c t s  a r e  
moved. i i o p e f u l l y ,  t h e r e  a r e  o t h e r  ways t o  f i n d  "minimal" 
Out o f  t h e  Way P l a c e s .  
There a r e  p u z z l e s  which a r e  d i f f i c u l t  j u s t  b e c a u s e  
t h e r e  a r e  few Out o f  t h e  Way P l a c e s .  A common example i s  
t h e  "15 puzz le . "  ( A  d rawing  i s  shown i n  f i g u r e  51.) There  
h a s  been some s t u d y  o f  mechan ica l  s o l u t i o n  o f  v a r i o u s  15  
p u z z l e  problems.  h o s t  o f  t h e s e  have depended on s u b - g o a l  
t r e e  s e a r c h i n g  t e c h n i q u e s ,  which a r e  i n  e s s e n c e  t n e  same a s  
t h e  s o l u t i o n  t e c n n i q u e  p roposed  i n  t h e  p r e v i o u s  p a r a g r a p h .  
Pushing  - o r  C a r r y i n g  hiore Than One O b j e c t  
--- 
Giving  t h e  sys t em t h e  a b i l i t y  t o  c a r r y  o r  push  more 
t h a n  one o b j e c t  p r e s e n t s  a  p o w e r f u l  t o o l  f o r  s o l u t i o n s  t o  
v e r y  d i f f i c u l t  t a s k s .  To implement t h i s  a b i l i t y  would r e -  
q u i r e  a  d r a s t i c  change  i n  t h e  s t a t e  s p a c e  models o f  t h e  t a s k  
s p a c e s ,  a s  methods must  be found which a l l o w  t h e  s t a t e  s p a c e  
t o  d e s c r i b e  t h e  t a s k ;  b u t ,  a t  t h e  same t i m e ,  keep  t h e  s t a t e  
s p a c e s  frorn becoming t o o  l a r g e .  Pe rhaps  t h e  s p a c e s  c o u l d  be 
segmented i n  a way s i m i l a r  t o  t h a t  u sed  t o  segment  t i le jaw/ 
o b j e c t  s p a c e s .  b u t  as t h e  c r i t e r i a  f o r  t h i s  new problem a r e  
PUZ ZLE 
n o t  a s  s t r i c t  and s t r a i g h t f o r w a r d ,  t h e  s e g m e n t a t i o n  r u l e s  
w i l l  p r o b a b l y  be  more complex. 
The above problem i s  v e r y  s i m i l a r  t o  t h e  problem 
o f  g i v i n g  t h e  sys t em t h e  a b i l i t y  t o  c o n s t r u c t  s u b -  
a s s e m b l i e s  which would be used  t o  b u i l d  a  comple te  assembly .  
There  a r e  two d i f f e r e n t  ways t o  i n c o r p o r a t e  t h i s  a b i l i t y  i n -  
t o  t h e  sys tem.  The f i r s t  i s  f o r  t h e  o p e r a t o r  t o  i n d i c a t e  
t h a t  a t  a  p a r t i c u l a r  p o i n t  i n  a  t a s k ,  a  p a r t i c u l a r  sub-  
assembly  must  be c o n s t r u c t e d .  T h i s  method' c o u l d  be imple-  
mented on t h i s  sys t em a s  i t  now e x i s t s  by add ing  t h e  n e c e s -  
s a r y  f u n c t i o n s  t o  t h e  TASK TKkh s e c t i o n  o f  t h e  sys tem.  
The o t h e r  way i s  t o  make t h e  sys t em f i g u r e  o u t  
when t h e  s u b - a s s e m b l i e s  must  be c o n s t r u c t e d ,  and which ob- 
j e c t s  a r e  t o  be combined t o  forni t h e  s u b - a s s e m b l i e s .  Sup- 
p o s e  t h e  sys t em i s  g i v e n  a problem l i k e  "he re  a r e  n  o b j e c t s  
t o  be p u t  t o g e t h e r  t o  make f i n a l  form Q." If f i n a l  form Q 
c o u l d  be b u i l t  from t h e  n  o b j e c t s  o n l y  by c o n s t r u c t i o n  o f  
s u b - a s s e m b l i e s  u s i n g  - some o f  t h e  n  o b j e c t s  ( t h e  o t h e r s  b e i n g  
used  i n d i v i d u a l l y  i n  t h e  f i n a l  c o n s t r u c t i o n ) ,  t h e  sys t em 
would have a  c o m b i n a t o r i a l  problem l a r g e r  t h a n  n! .  I f  n  
i s  much l a r g e r  t h a n  5 o r  s o ,  presuniably some h e u r i s t i c  nietn- 
ods  must  be u t i l i z e d  t o  keep  t h e  problem of manageable s i z e .  
Finding Connected Out o f  t h e  Way P l a c e s  
--- 
In  f u t u r e  r e s e a r c h ,  some method shou ld  be found t o  
de te rmine  t h e  l o c a t i o n s  t h a t  a r e  Connected Out o f  t h e  Way 
p l ace s .  A s t r a i g h t  forward method t o  do t h i s  would be t o  
p u t  o b j e c t s  i n  r e q u i r e d  p o s i t i o n s  ( s e e  Chapter  V f o r  t h e  
d e f i n i t i o n  o f  Connected Out o f  t h e  Way P l a c e s ) ,  and t h e n  
de te rmine  i f  p a t h s  can  be found t o  ( o r  from) v a r i o u s  
l o c a t i o n s .  But t h i s  method would r e q u i r e  t h e  computa t ion  
o f  many p a t h s ,  a  t ime consuming p rocedure .  i i ope fu l l y ,  a  
method can be  found which i s  more p r a c t i c a l .  
Use o f  an  N Level  Method t o  Find Problem S o l u t i o n s  
- - -  -- 
To f i n d  s o l u t i o n s  t o  complex man ipu l a t i on  t a s k s ,  t h e  
system d e s c r i b e d  i n  t h i s  t h e s i s  u s e s  a  two l e v e l  method i n  
which t he  upper l e v e l  d e a l s  o n l y  w i t h  a b s t r a c t  t a s k  r e -  
q u e s t s .  The ph i l o sophy  of u s i n g  a  two l e v e l  method shou ld  
be ex tended  t o  N l e v e l s ,  i n  which p r o g r e s s i v e l y  h i g h e r  l e v e l s  
d e a l  w i t h  more h i g h l y  a b s t r a c t e d  t a s k  r e q u e s t s .  Such a  s o l u -  
t i o n  t e chn ique  may form a  u s e f u l  framework f o r  s o l v i n g  yrob-  
lems such as t h o s e  t h a t  r e q u i r e  p l a n n i n g  a c t i v i t i e s ,  
C h a p t e r  X C o ~ ~ c l u s i o n s  
1. The work o f  t h i s  t h e s i s  h a s  d e m o n s t r a t e d  t h a t  a 
two l e v e l  sys t em a s  s p e c i f i e d  below i s  a  p r a c t i c a l  way o f  
s o l v i n g  m a n i p u l a t i o n  problems.  The upper  l e v e l  p a r t  o f  t h e  
sys t em i s  an AkU TREE which o r d e r s  s u b - t a s k s ,  s o  t h a t  t h e i r  
c o n c a t e n a t e d  s o l u t i o n s  r e s u l t  i n  t h e  s o l u t i o n  o f  a  s p e c i f i e d  
complex t a s k .  The l o w e r  l e v e l  p a r t  o f  t h e  sys t em c o n s i s t s  o f  
a )  a  p r o c e d u r e  f o r  s e t t i n g  up a  s t a t e  s p a c e  
which d e s c r i b e s  a  s u b - t a s k ,  and 
b)  a s h o r t e s t  p a t h  a l g o r i t h m  which f i n d s  t h e  
s o l u t i o n  t o  t h e  s u b - t a s k .  
l ' h i s  scheme a v o i d s  t h e  need  f o r  v e r y  l a r g e ,  many d i n e n s i o n a l ,  
s t a t e  s p a c e  s e a r c h e s  s u b s t i t u t i n g  i n s t e a d  an o r d e r e d  s e r i e s  
o f  s e a r c h e s  i n  s m a l l e r  s t a t e  s p a c e s .  I t  t h e r e f o r e  makes 
more e f f i c i e n t  u s e  o f  computer  memory t h a n  s c h e ~ ~ i e s  p r e -  
v i o u s l y  a v a i l a b l e .  
2 .  An o p e r a t o r  can  e f f e c t i v e l y  c o n t r o l  t h i s  sys t em 
a s  a  s u p e r v i s o r .  He i n p u t s  a  t a s k  r e q u e s t  by s p e c i f y i n g  t h e  
d e s i r e d  g o a l  s t a t e  of  t h e  t a s k  s p a c e  ( h e  s p e c i f i e s  what  he 
-
wants  done;  he l e t s  t h e  sys t em f i g u r e  o u t  now t o  accompl i sh  
-
i t ) ,  and m o n i t o r s  t h e  r e s u l t s .  t i i s  d e c i s i o n s  on what  t n e  
n e x t  t a s k  i s ,  i s  i n f l u e n c e d  ( b u t  n o t  de te rmined)  by t h e  
r e s p o n s e  o f  t h e  sys tem.  
3 .  The upper  l e v e l  s y s t e m ' s  mode of  c o n t r o l  of  
t h e  lower  sys tem i s  s u p e r v i s o r y ;  t h e  upper  l e v e l  sys tem 
g i v e s  t h e  lower  l e v e l  sys tem r e q u e s t s  and t h e n  w a i t s  t o  s e e  
what t h e  r e s u l t s  a r e .  The lower  l e v e l  s y s t e m ' s  r e s p o n s e  
( i . e . ,  no  s o l u t i o n ,  c o n d i t i o n a l  s o l u t i o n ,  o r  s o l u t i o n )  i n -  
f l u e n c e s  t h e  n e x t  r e q u e s t  made by t h e  upper  l e v e l  system. 
l 'here i s  no r e a s o n  why one upper  l e v e l  sys tem c o u l d  n o t  
s u p e r v i s e  s e v e r a l  lower  l e v e l  sys tems.  C u r r e n t  computer  
programming methods ( r e - e n t r a n t  programming) makes t h i s  a  
p r a c t i c a l  p o s s i b i l i t y .  
4. The ANL, T K M  i s  a  g e n e r a l  d a t a  s t r u c t u r e  which 
c a n  be used t o  o r d e r  t h e  s u b - a c t i v i t i e s  o f  any t a s k .  I t  
per forms t h e  same f u n c t i o n s  a s  a  PEkT c h a r t ,  and o f f e r s  t h e  
same o p p o r t u n i t y  f o r  g e n e r a l  a p p l i c a t i o n .  
Appendix A -
Example -- of  Two S tack  Diamond Algori thm F ind ing  P a t h s  - -  i n  a Space 
The space  i s  a s  i n i t i a l l y  shown i n  f i g u r e  A - 1 ,  w i t h  
t h e  t r a n s i t i o n  c o s t s  n e x t  t o  t h e  node l i n k s .  A l l  c o s t s  a r e  
symmet r ica l ,  c o s t  1 )  + ( 2  = c o s t  [(1,2) ( ~ , l ] ]  =I.  
The s t a r t i n g  p o i n t  i s  at(1,I).  I t s  c o s t  i s  ze ro ,  and i t  i s  
t h e  on ly  p o i n t  on t h e  " f u l l t t  l i s t .  The o t h e r  l i s t  i s  empty. 
The s i t u a t i o n  i s  a s  shown i n  f i g u r e  A - 1  and below. 
FFL EFL POINTS COST BPTHCF 
( F u l l  F ron t  (Empty F ron t  
L i s t )  L i s t )  
(To g e t  
h e r e )  
(Bes t  P lace  
t o  have 
Come From) 
S t a r t  
NW (iiowhe r e )  
We now t a k e  a l l  t h e  p o i n t s  o f f  t h e  FFL. A s  we t a k e  
each  p o i n t  o f f ,  w e  proceed a s  d i r e c t e d  by t h e  a lgo r i t hm 
( f i g u r e  2 7 ,  Chapter  111) .  We c a l l  t h i s  p rocedure  a  f r o n t  
motion,  as t h e  f r o n t  h a s  moved one u n i t .  The s i t u a t i o n  i s  
a s  sliown below, and i n  f i g u r e  A-2. Note t h a t  on ly  ar rows 
marked #1 a r e  i n  p l a c e  now. 
1. F i r s t  F ron t  Motion 
FFL EFL 
1 ,2  
231 
POINTS COSTS BPTHCF 
1,1 o S t a r t  
1 # 2  1 1,l - 
I ,3 00 NW 
2 , l  9 1,l - 
2,2 00 I'iw 
2 , 3  00 1% W 
Note: Changes a r e  i n d i c a t e d  by a  bo ld  l i n e  t o  t h e  r i g h t ,  
155 
We swap the two l i s t s  and then proceed u n t i l  both l i s t s  
are empty, which i n d i c a t e s  the  algorithm has terminated. 
2 .  Second Front Motion 
FFL EFL POINTS 
182 3 , l  1 , 1 
2B1 2 2  1 # 2  
I s 3  1 , 3  
2 , 1  
2 ,2  
2 , 3  
3 , 1  
3,2 












3. Third  Front  Motion 
FFL E FL POINTS 
3 , l  (a) 2 , 3  ( c )  1 , l  
2 , 2  (b) 2 , 3  (b) 1 , 2  
1 , 3  (c )  3 , 2  (a )  1 8 3  
2 , l  
2 , 2  











S t a r t  
1 , l  
1 . 2  
1 , l  
1 , 2  
c::: : - 
2 , 1  
3 , 1  - 
NW 
Note t h a t  t h e  p o i n t  2 , 3  was p u t  on t h e  EFL twice ,  a s  t h e  
r e s u l t  of  the o r d e r  i n  which t h e  a lgo r i t hm computed p a t h s  
and c o s t s .  
4. Four th  F ron t  Motion 
FFL EFL POINTS 
5. F i f t h  F r o n t  Motion 
FFL EFL POINTS 
3 2  3 8 2  I s 1  
I s 2  
2 s 2  
2 s 3  
See f i g u r e  A - 3  f o r  3 s 1  














S t a r t  
I s 1  
1 4  
I s 1  
1 s 2  
1 s 3 
2 , 1  
3 s 1  
2  s 3  - 
BPTtiCF 
S t a r t  
I s 1  
1 8 2  
I s 1  
1 s 2  
1 s  3 
2 s 1  
3 s 3  - 
2 9 3  
6. S i x t h  Front  Motion 
FFL EFL 
392 3 , l  
POINTS 
1 , l  
1 , 2  
1 , 3  
2 , l  
2 , 2  
2 8 3  
3 , 1  
3 , 2  
3 8 3  
7. Seventh Front  Motion 
FFL EFL POINTS 
3 , l  2 8 1  1 , l  
1 , 2  
1 , 3  
2 , 1  
2 , 2  






















S t a r t  
1 , l  
1 , 2  
1 , l  
1 , 2  
1 , 3  
3 . 2  - 
3 , s  
2 , 3  
BPTHCF 
S t a r t  
8. E i g h t h  F r o n t  Motion 
FFL EFL 
2 , l  2,2 
POINTS 
1,l 
1 ,2  
1 .3  
2 , l  
2,2 
2.3 
3 , l  
3 ,2 












S t a r t  
9. Ninth  F r o n t  Motion 
FFL EFL 
2,2 
No changes  a r e  made i n  c a s t s ,  and no p o i n t  i s  p u t  on t h e  EFL. 
The a l g o r i t h m  t e r m i n a t e s  w i t h  a l l  p a t h s  and c o s t s  a s  found 
d u r i n g  F r o n t  Motion E igh t .  The p a t h s  from any p o i n t  t o  t h e  
s t a r t  a r e  a s  shown i n  f i g u r e  A-5. J u s t  t r a c e  back a s  d i r e c t e d  
by t h e  ar rows.  
Initial configureation, no paths 
Figurs A-1 
Initial patha 
Interncadiate paths - Changes are numbered 
F i n a l  paths 
Figure A 4  
Appendix - I3 
What t o  do when an o b j e c t  a t  i t s  s p e c i f i e d  f i n a l  
p o s i t i o n  occup i e s  p a r t  of t h e  same space  a s  a  movable o b j e c t  
( t h a t  ha s  no s p e c i f i e d  f i n a l  p o s i t i o n )  a t  i t s  p r e s e n t  p o s i t i o n ,  
The above problem can be encoun t e r ed  when f i n d i n g  t h e  
o r d e r  t o  move o b j e c t s  t o  t h e i r  f i n a l  p o s i t i o n s ,  F i g u r e  B - 1  
shows a  t a s k  i n  which t h i s  occu r s .  F igu re  B-1-a shows t h e  
i n i t i a l  p o s i t i o n s  and f i g u r e  B-1-b t h e  f i n a l  p o s i t i o n s ,  
F igu re  B-1-c shows t h e  p o s i t i o n  o f  o b j e c t s  when t h e  system 
s t a r t s  t o  f i n d  t h e  o r d e r  t o  move t h e  o b j e c t s  t o  t h e i r  f i n a l  
p o s i t i o n s .  
The system, a s  d e s c r i b e d  e a r l i e r ,  a t t e m p t s  t o  s o l v e  
t h e  problem i n  t h e  fo l l owing  way. I n  f i g u r e  B-1-c i t  p l a n s  
t o  move A and d i s c o v e r s  t h a t  C i s  i n  t h e  way, I t  t hen  t r i e s  
t o  move C o u t  o f  t h e  way, and d i s c o v e r s  t h a t  A i s  i n  t h e  way, 
I t  t r i e s  t o  move A o u t  o f  t h e  way and d i s c o v e r s  C i s  i n  t h e  
way, s t i l l ,  The sys tem then  d i s c o v e r s  t h e  loop and e v e n t u a l l y  
f i n d s  t h e  t a s k  imposs ib le .  
To p r e v e n t  t h e  above f a i l u r e ,  t h e  fo l l owing  amendment 
must be made i n  t h e  sys tem procedure ,  When t h e  sys tem p l a n s  
t o  move an  o b j e c t  ou t  o f  t he  way t h a t  h a s  no s p e c i f i e d  f i n a l  
p o s i t i o n ,  and f i n d s  t h a t  a  second o b j e c t  i s  i n  t h e  p lanned  
p a t h ,  t h e  system must check t o  de t e rmine  i f  t h e  second o b j e c t  




Overlap problem as 
described i n  Appendix B.  
Pos i t ion  of objects  when 
system s t a r t s  t o  f ind 
order t o  move objects  t o  
their Final  Pos i t ions .  
Objects A and C overlap 
at (2.2). 
is  i n  t h e  p a r t  of t h e  p a t h  t h e  o b j e c t  occupies  when i t  i s  
a t  i t s  i n i t i a l  p o s i t i o n .  I f  t h i s  i s  t r u e ,  and i f  t h i s  o t h e r  
o b j e c t  has a s p e c i f i e d  f i n a l  p o s i t i o n ,  t hen  t h e  o b j e c t  i s  
moved t o  an Out o f  t h e  Way P l a c e ,  and tile second o b j e c t  
i s  ignored.  
The only  c i rcumstance  where t h e r e  can be over lapp ing  
o b j e c t s  i s  when t h e  system i s  de te rmin ing  the  o rde r  t o  move 
o b j e c t s  t o  t h e i r  f i n a l  p o s i t i o n s .  There e x i s t s  the p o s s i -  
b i l i t y  t h a t  an ove r l ap  might be s p e c i f i e d  i n  t h e  i n p u t  of  t he  
i n i t i a l  o r  f i n a l  p o s i t i o n s ,  bu t  a  wel l -des igncd  i n p u t  r o u t i n e  
would p reven t  t h i s .  
Appendix - C 
Program Documentation 
There a r e  f i v e  programs t h a t  compose t h e  system. 
Four of  t h e  prograins make up a complete  system. The 
f i f t h  i s  a s t a n d  a l o n e  program which can  perform a l l  o f  
t h e  i n p u t / o u t p u t  f u n c t i o n s  o f  t h e  sys tems and r e q u i r e s  
much l e s s  c o r e  t h a n  t h e  complete system. A l l  t h e  programs 
can be run on ly  on t h e  M.I.T. P r o j e c t  MAC A r t i f i c i a l  I n -  
t e l l i g e n c e  Group1 s PDP-10 Time Sha r ing  systems6 c i r c a  
September, 1970, o r  o t h e r  computer sys tems t h a t  a r e  hardware 
and so f twa re  compat ib le .  
The f o u r  programs t h a t  compose a complete sys tem 
a r e  r e t a i n e d  i n  ASCII code t o  f a c i l i t a t e  changes.  These 
programs a r e  
TREE 2 0  
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a s  o f  September 15 ,  1970. The second names o f  t h e  programs,  
t h e  numbers, a r e  s u b j e c t  t o  change a s  improvements a r e  made. 
Each program shou ld  be assembled and t h e  b i n a r y  f i l e s  loaded 
u s i n g  t h e  l i n k i n g  l o a d e r .  The program i s  s t a r t e d  a t  l o c a t i o n  
*'START". The system w i l l  r e p l y  w i t h  s e v e r a l  l i n e  f e e d s  
fo l lowed by t h e  word "KEAUY". The program is  now r eady  
f o r  i n p u t ,  t o  be d e s c r i b e d  below. The l o a d i n g  and s t a r t i n g  
p rocedures  a r e  n o t  d e s c r i b e d  i n  d e t a i l  as s o f t w a r e  improve- 
ments a r e  r a p i d l y  be ing  implemented and any d e s c r i p t i o n s  
g iven  h e r e  w i l l  p robab ly  be q u i c k l y  ou tda t ed .  For s p e c i f i c  
l o a d i n g  and s t a r t i n g  i n s t r u c t i o n s ,  i t  i s  sugges t ed  t h a t  a  
pe r son  f a m i l i a r  w i t h  t h e  computer o p e r a t i n g  system be 
con t ac t ed .  
The i n p u t / o u t p u t  program i s  I N A  25. I t  i s  assembled 
and s t a r t e d  t h e  same a s  t h e  complete  sys tem,  b u t  i t  can  be 
loaded  u s ing  t h e  r e g u l a r  l o a d e r .  
Input /Output  Format 
The i n p u t  f o r  t h e  sys tem can be f r o ~ n  t h r e e  s o u r c e s :  
t e l e t y p e ,  d i s k ,  o r  m ic ro - t ape .  When s t a r t e d ,  t h e  program 
looks  f o r  i n p u t  from t h e  t e l e t y p e .  
The c o n t r o l  c h a r a c t e r  f o r  t h e  i n p u t  i s  t h e  c o l o n  (:). 
I t  p r eceeds  t h e  l e t t e r  t h a t  d e s i g n a t e s  what i s  t o  be i n p u t .  
The i n p u t  f u n c t i o n s  a r e  
:T Allows one t o  change from one i n p u t  s o u r c e  t o  
a n o t h e r ;  e.g., d i s k  t o  t e l e t y p e .  
:O For i n p u t  o f  o b j e c t s t  d e s c r i p t i o n s  a t  
i n i t i a l  p o s i t i o n .  
: I  To change o b j e c t s '  i n i t i a l  p o s i t i o n s  and t o  
s p e c i f y  ti le jaw's  i n i t i a l  p o s i t i o n .  
:F To s p e c i f y  o b j e c t s '  and jaw's  f i n a l  p o s i t i o n s .  
:D To d e l e t e  an  o b j e c t  from t h e  t a s k  space .  
:S To check i n i t i a l  and f i n a l  c o n f i g u r a t i o n s  
of o b j e c t s .  
:M 1'0 r e a d  r e s u l t s ,  p r e v i o u s l y  computed, t h a t  
a r e  s t o r e d  i n  t a p e  o r  d i s k  f i l e s .  
:GO To s t a r t  t h e  sys tem t o  f i n d  a  s o l u t i o n  t o  
tile t a s k .  
: S ,  : R ,  and :GO can be g iven  o n l y  from t e l e t y p e  c o n t r o l .  
The o p e r a t o r ' h a s  t h e  c h o i c e  o f  t h r e e  i n p u t s .  
T T Y ~  ( 2 r e p r e s e n t s  c a r r i a g e  r e t u r n . )  
For i n p u t  from t e l e t y p e .  
DSK : f  lnml f  lnm22 ("flnml" i s  s h o r t  f o r  " f i l e  name l l l . )  
For i n p u t  from f l n m l  flnm2 on d i s k .  
UTn : f  lnml f  lnm2J 
For i n p u t  from f l nml  flnm2 on a  mic ro- tape  
mounted on u n i t  n ,  
- 
I f  an i n p u t  f i l e  ROPE 6 is  t o  be r e a d  o f f  a  m ic ro - t ape  mounted 
on u n i t  3 ,  t h e  r e q u e s t  would be 
When i n p u t  i s  complete ,  a  message i s  p r i n t e d  on t h e  
conso le .  The l a s t  c h a r a c t e r s  i n  KOPE 6 must be 
t o  r e t u r n  c o n t r o l  o f  i n p u t  t o  t e l e t y p e .  
The s y s  tem s u p p l i e s  some c a r r i a g e  r e t u r n s ,  o t h e r s  
must be s u p p l i e d  by t h e  o p e r a t o r ,  The b e s t  r u l e  i s  t o  t ype  
a  l i n e ,  w a i t  a  second,  and i f  no c a r r i a g e  r e t u r n  i s  gener -  
a t e d ,  type  it. 
The format  h e r e  i s  o f  two t ypes .  The f i r s t  i s  
name ,M o r  F, ( n l ,  n2)T OK (It- d e l i m i t s  OR choice.) 
Here "name" i s  t h e  name of  an o b j e c t  t o  be de sc r i bed .  
"name" can be any combinat ion o f  s i x  l e t t e r s  and numbers. 
A s  t h e  l e f t  c h a r a c t e r  i s  used t o  i d e n t i f y  t h e  o b j e c t  i n  t h e  
v a r i o u s  d i s p l a y s ,  most o b j e c t s  r e c e i v e  one l e t t e r  names. 
"M o r  F", e i t h e r  l e t t e r  may be used. "M" s p e c i f i e s  
t h e  o b j e c t  i s  movable; "F" s p e c i f i e s  t h e  o b j e c t  i s  f i x e d ,  
immovable. 
n l  i s  t h e  X c o o r d i n a t e  o f  t h e  base  l o c a t i o n .  
n2 i s  t h e  Y c o o r d i n a t e  o f  t h e  base  l o c a t i o n .  
n 3  i s  t h e  c o s t  o f  moving through t h e  space  occupied 
by t h i s  o b j e c t .  
n3  i s  s u p p l i e d  i f  t h e  o p e r a t o r  wishes  t o  supp ly  t h i s  
c o s t  v e r s u s  having t h e  sys tem compute it. A c o s t  l e s s  
than  o r  e q u a l  t o  z e r o  i s  n o t  a l lowed.  
The commas and p a r e n t h e s e s  must be s u p p l i e d  a s  
f i e l d  d e l i m i t e r s .  
The second fo rmat  of o b j e c t s '  d e s c r i p t i o r ~ s  i s  
nl,i12 
n l  i s  t h e  X c o o r d i n a t e  of  a l o c a t i o n  occup ied  by t h e  o b j e c t .  
n2 i s  t h e  Y c o o r d i n a t e  o f  a  l o c a t i o n  occup ied  by t h e  o b j e c t .  
There a r e  u s u a l l y  s e v e r a l  l i n e s  i n  t h i s  second format .  
The o b j e c t ' s  base  l o c a t i o n  must be i n c l u d e d  as one e n t r y .  
The l i s t  i s  t e r m i n a l  by a  l i n e  "0,OJ". 
For example, t h e  d e s c r i p t i o n  s e t  
d e f i n e s  o b j e c t  KU2, t h a t  i s  movable, and h a s  i t s  base  l o c a -  
t i o n  a t  ( 10 , lS ) .  I t  w i l l  c o s t  a n o t h e r  o b j e c t  5 u n i t s  t o  
move through t h e  space  occup ied  by KU2. See f i g u r e  C - 1 .  
There a r e  v a r i o u s  e r r o r  d e t e c t i n g  mechanisms i n  
t h e  i n p u t  r o u t i n e s ,  b u t  t h e y  canno t  be gua ran t eed  t o  c a t c h  
a l l  e r r o r s .  ?'he on ly  way t o  be  s u r e  t h e  system has  under-  
s t o o d  what i s  meant i s  t o  check i n i t i a l  and f i n a l  p o s i t i o n s  
w i t h  t h e  :S command. 
The fo rmat  here is  
/- 
name, ( n l  ,n2) 2 OR 5 3 '  
Again, 
"name" i s  t h e  name o f  t h e  o b j e c t  
Video display of object KU2 
n l  i s  the  X coordina te  of the new base loca t ion  
n2 i s  the Y coordina te  of the  new base loca t ion  
n3 i s  the same as  descr ibed  under the ":OH command. 
I f  the name i s  "JAWS", t h i s  command s e t s  the  i n i t i a l  pos i -  
t i o n  of the jaws, 
The format here i s  
name, ( n l  ,n2) 
(n1,nZ) i s  the d e s i r e d  base l o c a t i o n  of the  o b j e c t  when 
t h e  task  has been completed. I f  (n1,nZ) i s  equal  t o  (0 ,0 ) ,  
the s p e c i f i e d  f i n a l  p o s i t i o n  of o b j e c t  "name" i s  removed. 
I f  the input  l i n e  i s  "KILALL", a l l  s p e c i f i e d  f i n a l  loca-  
t i o n s  a re  erased. 
The format here i s  
name 
The o b j e c t  "name" i s  d e l e t e d  from the t a sk  space, I f  name 
i s  "KILALL", a l l  o b j e c t s  a r e  de le ted  from t h e  space. 
There a r e  s e v e r a l  opt ions  a v a i l a b l e  here,  
~d 
I f  t h e  n e x t  l i n e  i s  '!T ", an  a b b r e v i a t e d  d e s c r i p t i o n  o f  
t h e  t a s k  s i t e ' s  i n i t i a l  and f i n a l  p o s i t i o n s  a r e  p r i n t e d  
on t h e  t e l e t y p e .  
L 12 
This  command cause s  a  p i c t u r e  of  t h e  I n i t i a l  P o s i t i o n  o f  t h e  
o b j e c t  i n  t h e  t a s k  space  t o  be p r i n t e d  on t h e  l i n e  p r i n t e r .  
L FJ 
Th is  command cause s  a  p i c t u r e  o f  t h e  F i n a l  P o s i t i o n  o f  t h e  
o b j e c t s  i n  t h e  t a s k  space  t o  be p r i n t e d  on t h e  l i n e  p r i n t e r .  
v I J  
This  c ause s  t he  v ideo  d i s p l a y  t o  show t h e  i n i t i a l  p o s i t i o n  
of t h e  o b j e c t s .  Typing a  "K" t u r n s  t h e  d i s p l a y  o f f  and 
a l l ows  t h e  program t o  p roceed ,  
Th i s  c ause s  t h e  v ideo  d i s p l a y  t o  show t h e  F i n a l  P o s i t i o n s  
o f  o b j e c t s .  Typing a  "K" t u r n s  t h e  d i s p l a y  o f f  and a l l ows  
t h e  program t o  proceed.  
E r r o r  r e t u r n s  w i l l  be g e n e r a t e d  i f  t h e  program cannot  
" s ieze"  t h e  l i n e  p r i n t e r  o r  v i d e o  d i s p l a y  a s  nece s sa ry .  
: R 
-
The sys tem responds  w i t h  
FROM- 
The i n p u t  fo rmat  is  
DSK : f lnml f  lnm2 
t o  r e a d  d i s k  f i l e  " f lnml  flnmZn, o r  
UTn : f l n m l  f lnm2 
t o  r e a d  f i l e  " f lnml  flnm2" from m i c r o - t a p e  mounted on 
d r i v e  n. 
The f i l e  " f lnml  flnm2" i s  t h e  r e s u l t  of  p r e v i o u s  
computa t ions  o f  t h e  sys tem,  saved  a f t e r  t h e  sys tem completed 
a  t a s k  s o l u t i o n .  
The r e s p o n s e  o f  t h e  sys tem i s  a  few c a r r i a g e  r e t u r n s  
fo l lowed  by t h e  l i n e  
MOTION DISPLAY 
The p r e v i o u s l y  computed p a t h  c a n  be viewed. There a r e  
t h r e e  forms o f  o u t p u t :  t h e  v i d e o  d i s p l a y ,  t h e  l i n e  p r i n t e r ,  
and t e l e t y p e .  The fo rmat  f o r  t h e s e  d i s p l a y s  i s  
v ~2 
This  s t a r t s  t h e  v i d e o  d i s p l a y  a t  t h e  s t a r t  of t h e  t a s k .  
l'he s o l u t i o n  can  be s e e n  by h i t t i n g  t h e  s p a c e  b a r  once f o r  
e v e r y  frame. To r e v e r s e  t h e  mot ion ,  type  a n  R f o r  e a c h  
frame. To have t h e  motion a u t o m a t i c a l l y  d i s p l a y e d ,  type  
an  A . The a u t o m a t i c  d i s p l a y  c a n  be  s t o p p e d  a t  any t ime  
by t y p i n g  any c h a r a c t e r .  Then s p a c e s ,  R ' s ,  o r  a n o t h e r  A 
can  be typed  t o  c o n t i n u e .  
To s t a r t  t h e  v ideo  d i s p l a y  a t  t h e  l a s t  sub - t a sk  
execu t ed ,  type  
fo l lowed by t h e  d e s i r e d  s t r i n g  o f  s p a c e s ,  K ' s ,  o r  A ' s .  
The d i s p l a y  w i l l  run  u n t i l  t h e  l a s t  frame of  t h e  
t a s k  motion i s  shown, where i t  w i l l  hang w i t h  no response  
t o  A ' s ,  K ' s ,  o r  space s .  Typing a  K w i l l  t u r n  o f f  t h e  d i s p l a y .  
The sys tem i s  now ready  f o r  t h e  n e x t  command t o  t h e  motion 
d i s p l a y  r o u t i n e .  
A sample i n t e r a c t i o n  w i t h  t h e  d i s p l a y  r o u t i n e  i s  
v 4 
KRAKKKK RA K 
Cau t ion :  i f  t he  f i r s t  d i s p l a y  cornmand a f t e r  t h e  
computer t y p e s  MOTION OISPLAY i s  "V L I f ,  t h e  d i s p l a y  w i l l  
show ve ry  s t r a n g e  r e s u l t s .  
Before  one g e t s  o u t p u t  from t h e  l i n e  p r i n t e r ,  i t  i s  
expec t ed  t h a t  t h e  v ideo  d i s p l a y  w i l l  have been s een ,  and 
p a r t i c u l a r l y  d e s i r a b l e  frames s e l e c t e d  f o r  permanent c o p i e s .  
The fo rmat  f o r  l i n e  p r i n t e r  o u t p u t  i s  
L s i g n i f i e s  t h e  l i n e  p r i n t e r  o u t p u t  i s  d e s i r e d .  n l ,  n2 ,  
and n 3  a r e  frames t o  be p r i n t e d .  The l a s t  e n t r y ,  0 ( t h e  
number) deno t e s  t h e  end o f  t h e  l i s t .  
A sample p r i n t o u t  from t h e  p r i n t e r . i s  shown i n  
f i g u r e  C-2. Th i s  i s  frame 1464 o f  t a s k  6 i n  Chapter  VI I I .  
The f i r s t  c h a r a c t e r  of t h e  o b j e c t ' s  name shows t h e  l o c a -  
t i o n s  t h e  o b j e c t  occup i e s .  The * d e n o t e s  t h e  base  l o c a t i o n .  
An o b j e c t  t h a t  occup i e s  o n l y  one l o c a t i o n  would be r e p r e -  
s e n t e d  by a  *. The i n t e r p r e t a t i o n  o f  J K ,  J X ,  e tc . ,  is  
g iven  i n  t h e  d e s c r i p t i o n  o f  t h e  t e l e t y p e  o u t p u t ,  below. 
The jaws a r e  r e p r e s e n t e d  by t h e  =, one = f o r  e ach  h a l f .  
I f  t h e  jaws a r e  c l o s e d ,  o n l y  one = is shown. 
The t e l e t y p e  o u t p u t  i s  t h e  c o n t e n t s  o f  t h e  l i s t  
t h e  sys tem keeps  t o  d e f i n e  t h e  t a s k  s o l u t i o n ,  t h e  d e s c r i p -  
t i o n  o f  t h e  jaw's  and o b j e c t s t  p a t h s .  
There a r e  two o p t i o n s  f o r  t e l e t y p e  o u t p u t .  The 
f i r s t  i s  
This  o u t p u t s  t h e  p a t h  t h a t  i s  t h e  s o l u t i o n  o f  t h e  l a s t  
s u b - t a s k  t h e  sys tem so lved .  The f i r s t  l i n e  of o u t p u t  i s  
Example of line pr in t e r  o u t p u t  
+ + + + + + + + + + + + + + + + + + + + + + + + + * + + + +  
35+ + 
35+ + 
54+ F F + 
35+ F C C *  + 
32+ 1 1 1 1 "  F *  C C C  + 
3 1 + 1 1 1 1 1  F C + 
35+  I = F f C C + 
2 7 +  I I F + 
25+ P + 
23* r j  G + 
24+ G G H U Y H *  + 
2 3 +  S k i *  H H Y H H  + 
2 2 +  G H + 
2 1 + G H  H E + 
2 3 +  t + 
1 7 +  J J E + 
1 5 *  J J  E + 
l5+ J J J  E + 
l a +  * J  D ~ D O  + 
1 3 +  D * + 
~ ~ + Z L L Z Z Z L  a D + 
11+ f D U Z I D D  + 
1 J +  Z + 
a 7 +  Z Z L Z E *  B a + 
G 5 +  El + 
0 S +  8 Y 8 + 
0 $ T  8 kl + 
0 J+ t ? B U * B  + 
0 2+ B d B B  + 
01+ + 
* + + + + + + + + + + + + + + + + + + + + + + + + + + + + +  
0 0 0 D 0 0 U 1 1 1 1 1 l l ~ 2 2 2 2 2 2 2 2 3 3 ~ 3 3  
: ? J 4 5 6 7 0 ~ 2 3 4 5 ~ 7 ~ 1 2 3 4 5 6 7 ~ ~ ~ 3 d  
F i g u r e  C - 2  
a s e t  o f  l a b e l s ,  
J K ,  J X ,  J Y ,  ,, OG,  O X ,  OY 
which w i l l  be e x p l a i n e d  l a t e r .  
The n e x t  l i n e  i s  t h e  name o f  t h e  o b j e c t  moved. The 
t h i r d  l i n e  t e l l s  whether  t h i s  o b j e c t  c o u l d  be moved, o r  
whether  t h e  s o l u t i o n  was a  p l a n :  t h e  l i n e  is  PLAN o r  
EXECUTION. 
On t h e  l i n e s  f o l l o w i n g  t h i s  a r e  s i x  two d i g i t  numbers 
p e r  l i n e  s e p a r a t e d  by commas: 
n l ,  n2,  n3, ,, n 4 ,  n5 ,  n6 
n l  i s  d i r e c t l y  below J K  and t e l l s  how f a r  open t h e  
jaws a r e .  n l = 0 0  means t h e  jaws a r e  c l o s e d .  
n2 i s  below J X  and i s  t h e  X c o o r d i n a t e  o f  t h e  lower  
h a l f  o f  t h e  jaws. 
n 3  comes below J Y ,  and i s  t h e  Y c o o r d i n a t e  o f  t h e  
lower h a l f  o f  t h e  jaws. 
n4 i s  below OG, and t e l l s  how t h e  o b j e c t  i s  b e i n g  
moved. 
I f  OG-10, t h e  jaws a r e  n o t  i n  c o n t a c t  w i t h  t h e  o b j e c t .  
I f  OG-00, t h e  o b j e c t  i s  b e i n g  grasped.  
I f  OG=01, t h e  jaws a r e  i n  c o n t a c t  w i t h  t h e  o b j e c t  
i n  a  p o s i t i o n  t o  push  i t  i n  t h e  -X d i r e c t i o n .  
I f  OG=02, t h e  jaws a r e  i n  c o n t a c t  w i t h  t h e  o b j e c t  i n  
a  p o s i t i o n  t o  push it i n  t h e  +X d i r e c t i o n .  
If  OG=03, t h e  jaws a r e  i n  c o n t a c t  w i t h  t h e  o b j e c t  i n  
a  p o s i t i o n  t o  push i t  i n  t h e  -Y d i r e c t i o n .  
I f  OG=04, t h e  jaws a r e  i n  c o n t a c t  w i t h  t h e  o b j e c t  i n  
a  p o s i t i o n  t o  push i t  i n  t h e  +Y d i r e c t i o n .  
n5  i s  d i r e c t l y  below OX,  and d e f i n e s  t h e  o b j e c t ' s  
base  l o c a t i o n  X c o o r d i n a t e .  
n6 i s  below OY,  and d e f i n e s  t h e  Y c o o r d i n a t e  o f  
t h e  o b j e c t ' s  base  l o c a t i o n .  
The o t h e r  fo rmat  a l t e r n a t i v e  f o r  t e l e t y p e  o u t p u t  i s  
which d e s i g n a t e s  t h a t  t h e  p a t h  l i s t  between frames n l  and 
n2 w i l l  be typed o u t  i n  t h e  fo rmat  d e s c r i b e d  above. n l  
must be l e s s  than  n2. 
Requests  f o r  o u t p u t  from t h e  t e l e t y p e ,  l i n e  p r i n t e r ,  
and v ideo  d i s p l a y  may be made i n  any o r d e r .  
To e scape  from t h e  motion d i s p l a y ,  t ype  an i i  where 
new o u t p u t  would normal ly  be r eques t ed .  
Th i s  command s t a r t s  tile program runn ing  t o  f i n d  a  
s o l u t i o n  t o  t h e  t a s k .  I f  i t  i s  g iven  t o  t h e  i n p u t / o u t p u t  
program ( I N A )  an e r r o r  r e t u r n  i s  gene ra t ed .  
A s  t h e  sys tem computes e ach  s u b - t a s k ,  t h e  system 
types  o u t  
MOTION DISPLAY 
i f  t h e  program has  c o n t r o l  o f  t h e  t e l e t y p e .  I f  t h e  sys tem 
does n o t  have c o n t r o l  o f  t h e  t e l e t y p e ,  no o u t p u t  i s  a t t empted .  
The o p e r a t o r ' s  r e sponse s  h e r e  a r e  t h e  same a s  de- 
s c r i b e d  under : K  e x c e p t  t h a t  t y p i n g  N J  t o  e s cape  produces  
t h e  q u e s t i o n  
PRI&T OUT TREE? 
A response  o f   YES^ p r i n t s  o u t  t h e  TASK TREE on t h e  l i n e  
p r i n t e r  a s  i t  was j u s t  b e f o r e  e x e c u t i o n  o f  t h e  l a s t  s u b - t a s k  
was a t t empted .  A f t e r  t h e  TASK TREE i s  p r i n t e d ,  t h e  sys tem 
c o n t i n u e s  t o  complete  t h e  s o l u t i o n  o f  t h e  t a s k .  I f  any 
o t h e r  r esponse  t o  t h e  q u e s t i o n  is  g iven ,  t h e  TASK TREE i s  
n o t  p r i n t e d .  
When t h e  sys tem comple tes  t h e  s o l u t i o n  o f  a  conlplete 
t a s k ,  
TlIEEND >> .VALUE 
i s  p r i n t e d  a t  t h e  t e l e t y p e .  When t h e  program i s  "proceeded" 
(ask  f o r  h e l p  i f  n o t  f a m i l i a r  w i t h  t h e  p rocedure )  t h e  sys tem 
w i l l  a s k  
SAVE RESULTS? 
A response  o f   YES^ w i l l  cause  t h e  sys tem t o  type  
OA- 
The response  i s  dev i ce  : f lnml  flnm2 t o  s ave  t h e  p a t h  on 
I t  d e v i c e m a s  "flnml flnn12." Usual d e v i c e  names a r e  USK ( d i s k )  
o r  UTn (mic ro- tape  u n i t  n ) .  The i n f o r m a t i o n  i s  saved i n  
image mode; i . e . ,  t h e  b i n a r y  c o n t e n t s  o f  memory l o c a t i o n s .  
The saved r e s u l t s  can  be r ead  u s i n g  t h e  :K command. 
A f t e r  t h e  r e s u l t s  have been saved ,  t h e  program i s  
r e s t a r t e d  a u t o m a t i c a l l y ,  b u t  w i t h  o b j e c t s  l e f t  i n  t h e i r  
f i n a l  p o s i t i o n s .  Type 
: T 
TTY 
t o  s e e  t h e  i n i t i a l  p o s i t i o n s  a s  t hey  a r e  now. 
The e a s i e s t  way t o  i n p u t  i n i t i a l  c o n d i t i o n s  i n t o  t h e  
system i s  t o  type  a  f i l e  w i t h  o b j e c t s '  d e s c r i p t i o n s  and 
f i n a l  p o s i t i o n s  u s i n g  t h e  e d i t o r  program, TECO. The l a s t  
c h a r a c t e r s  of  t h e  f i l e  must be 
t o  r e t u r n  c o n t r o l  o f  t h e  i n p u t  program t o  t h e  t e l e t y p e .  
Appendix - I)
Flow Cha r t  of  t h e  System 
- --
There w i l l  b e  no f low c h a r t  o f  t h e  i n p u t / o u t p u t  
f o r  t he  system a s  t h e  f u n c t i o n s  a r e  d e s c r i b e d  i n  t h e  s e c t i o n s  
on fo rmats .  The i n p u t / o u t p u t  s e c t i o n  o f  t h e  program con- 
s t r u c t s  t h r e e  l i s t s  which i t  g i v e s  t o  t h e  n e x t  p a r t  o f  t h e  
program. These l i s ts  a r e :  
1 )  The Ac t i ve  Ob jec t  L i s t  which c o n t a i n s  o b j e c t s t  
d e s c r i p t i o n s  and o b j e c t s '  p o s i t i o n s  i n  t h e  space .  
2 )  The A b s t r a c t e d  Ob jec t  L i s t  which c o n t a i n s  o b j e c t s '  
d e s c r i p t i o n s  coded a s  though t h e  base  l o c a t i o n  
were a t  (0,O). 
3) The F i n i s h i n g  P o s i t i o n  L i s t  which c o n t a i n s  t h e  
names and f i n a l  p o s i t i o n s  o f  t h o s e  o b j e c t s  t h a t  
have s p e c i f i e d  f i n a l  p o s i t i o n s .  
The sys tem f low c h a r t  i s  h i g h  l e v e l ,  showing how t h e  v a r i o u s  
components i n t e r a c t .  D e t a i l e d  i n f o r m a t i o n  o f  f u n c t i o n s  i s  
i n c l u d e d  i n  t h e  t e x t  o f  t h i s  t h e s i s .  
BYSTdFi PLOW CHAHTS 
Flow Chart .#1 
Does one or  more o b j e c t s  have s p e c i f i e d  f i n a l  pos i t ions?  
Yes 
C S e t  up order  ob jec t s  a r e  t o  be moved t o  f i n a l  pos i t ions .  
A 
dxecute the  last sub-task on the  TASK THSE 
(See Flow Chart ,#2. ) 
I 1 (Out of tasks?-move j a w s  t o  f i n a l  p o s i t i o n )  I d x i t  - f i n i s h e d  
Was a s o l u t i o n  found f o r  the  sub-task? 
lyes 
I L Remove the  sub-task from 'TASK 'THdd. 
.1 dere any o the r  ob jec t s  with I 
s p e c i f i e d  f i n a l  p o s i t i o n s  
moved? > no ? 
I 
J/ Was c o n d i t i o n a l  s o l u t i o n  f o r  sub-task found? 
& F a i l u r e  d iagnos is  
.L Generate sub-tasks t o  move o b j e c t s  out of the  way. 
2ut  these  sub-tasks on the  TASK TRdE underneath the  
t a s k  the  system t r i e d  t o  execute.  
I 
Flow Chart *2 dxacute L a s t  Sub-Task 
Is t a s k  t o  move ob jec t  out of the way? 
I I 
*L * \L j e t  up B Alqorithm a e t  up Flooding Algorithm 
I (compute f i ( d j=0)  1 + 
Is f i n a l  p o s i t i o n  a Temporary Location? 
j1° $es t o  f i n i s h ,  I Hun a lgor i thm from start > 
Is i n i t i a l  p o s i t i o n  a Temporary Location? 
no /Yes 
Run a lqor i thm  fro^ f i n i s h  
t o  s tar t .  > 
4 Hun two algori thms 
(Terminate when f r o n t s  c ross  and j a w s  
can yove t o  def ined  p o s i t i o n s , )  
\I: Hun algori thms t o  te rminat ion  (No te rminat ion)  
I I J. Retrace pa th  
I 
JI Return a value t o  
i n d i c a t e  no solut ion.+ 
C Did t h i s  ob jec t  of jaws move through any space 
occupied by another  ob jec t?  
Yes lnO Return a value t o  i n d i c a t e  a 
path w a s  found. 3 
+ Generate A. L i s t  of ob jec t s  moved throu3h. I 8. P o s i t i o n s  t h i s  o b j e c t  moved over. 
~ e t u $ n  a value t o  i n d i c a t e  a cond i t iona l  path w a s  found. 
< v 
~ e t u F n  below "ixecute  last sub-task,  flow c h a r t  &I. 
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